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Abstract 

The investigation of molecular processes and interactions through visible light is of 

fundamental importance for a wide range of technological and biological applications. 

The chromophores developed in this work have been used as luminescent sensors and 

light sensitizers for photocatalysis. A particular challenge is the optical detection of 

biologically abundant anions such as the halides. Simple inorganic ions are ubiquitously 

found in the environment, but they exhibit no visible interaction with light to be readily 

detected. A series of new ruthenium(II) chromophores with a hydrogen bond donating 

bibenzimidazole ligand have been developed in order to bind small ions and to signal 

the binding event through changes in their visible-light absorption and emission 

properties. Previous studies have shown that related complexes exhibit vivid color 

changes in the presence of basic anions as deprotonation strongly alters the electronic 

properties of these coordination compounds. Interaction with weakly basic anions 

through hydrogen bond interactions has been observed for example by NMR 

spectroscopy, the corresponding optical response however remained marginal.  

Progress has been reported upon introduction of substituents in a manner which 

defines a sterically confined pocket around the hydrogen bond donor functions. Using a 

versatile palladium(0) mediated synthetic procedure for variably substituted 

bibenzimidazole ligands, some new ruthenium(II) chromophores could be synthesized 

with well-defined binding pockets of varying size and flexibility.  

In particular, two complexes with anisyl substituents differ structurally only by four 

methyl groups which enforce a more rigid geometry of the respective binding pocket, 

whereas the flexible analogue exhibits rotational freedom. Remarkably, both new 

complexes show unprecedented optical sensitivity towards binding of the weakly basic 

halide ions chloride and bromide. Comparative investigations with an unsubstituted 

bibenzimidazole ruthenium(II) complex reveal that the pocket formation leads to 

dimming of the new chromophores, which is reversed upon anion binding with 

remarkable sensitivity towards chloride and bromide. These complexes hence 

represent a promising step forward for the detection of abundant, weakly basic, 

inorganic anions through optical events. One potential improvement beyond the 

reported anion studies is the synthetic achievement of a sensor with a macrocyclic 

binding pocket.  

An alternative chromophore unit for bibenzimidazole based sensors is based on the 

strongly luminescent properties of cyclometallated bis(phenylpyridine) iridium(III) 



complexes. In contrast to its ruthenium based analogue the new iridium(III) 

bibenzimidazole complex presented in this thesis exhibits vivid emission also in its 

deprotonated forms which potentially broadens the pH range for luminescence based 

recognition events. 

A combined ruthenium(II)/iridium(III) chromophore exhibits an appealing mixture of 

photophysical features of its subunits. This particular chromophore has hence been 

probed as sensitizer for light-driven catalysis and proved to be an interesting candidate 

for photocatalytic hydrogen production from an aqueous solution. 

For the purpose of detection of  metal cations, a new phenanthroline based bridging 

ligand has been developed which exhibits a second diimine ligand function for 3d metal 

ion recognition. Due to the sterically demanding substitution pattern, regioselective 

synthesis of the respective iridium(III) chromophore has been achieved. Binding studies 

with nickel(II), zinc(II), and copper(I) reveal that only the latter was suitable to access 

the second binding sphere. The binding event is characterized by a vivid color change 

and darkening due to luminescence quenching. With respect to electrochemical 

measurements and in agreement with literature it is suggested that the selectivity for 

copper(I) potentially corresponds to a redox process which allows rearrangement and 

binding of the reduced diimine receptor sphere. 

In summary, chemically and structurally versatile new second-sphere receptors are 

presented in this thesis. The synthetic concepts allow a modular variation of 

photocenters and the corresponding photophysical properties, and binding modes for 

either anions or cations can be altered by the choice of bridging units. The reported 

supramolecular recognition and sensitization studies are promising and pave the way 

for the further development of molecular luminescent sensors with tunable selectivity 

and photochemistry. 
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Introduction 

1. Introduction 

1.1. General introduction 

Light has always been the primary means for the exchange of information between 

humans and their environment and it has hence become a fundamental tool in modern 

day technologies. Scientists have learned to generate, bend, and focus light and it has 

subsequently also become a way to communicate with the microscopic world (Figure 

1). The Nobel Prize in chemistry in 2014 has been awarded, correspondingly, for the 

quite elegant combination of fluorescence spectroscopy and confocal scanning 

microscopy that has pushed the resolution of optical microscopy beyond its own 

boundaries[1–8]. Also, the 2014 Nobel Prize in physics has been awarded for the 

research and development of efficient blue light emitting diodes.[9–23] 

 

Figure 1. Light as a tool to communicate information between the macroscopic user and 
microscopic analyte. 

The key to control and interpret molecular processes using light as a mediator is to 

understand the underlying photophysical processes as described by quantum 

mechanics. These processes can be described and accurately modified in order to 

design molecules with tailored light absorption and emission properties. A plethora of 

molecular chromophores has subsequently been developed for artificial lighting and 

display technologies, namely the organic light emitting diodes (OLED), as well as for 

renewable energy purposes in organic photovoltaics.[24–31] Light energy absorbed by a 

molecular chromophore can be used to drive chemical reactions or be stored in 

chemical bonds in an artificial photosynthetic process.[32–35] Optically active molecules 

can be used as signaling probes in order to report the presence of optically “silent” 

molecules in their environment to the observer. This approach has led to the 

development of molecular sensors for e.g. the characterization of nutrient levels in living 

cells, or pollutant concentrations in waste water.[36–39] 

Owing to the manifold of functions that molecular chromophores can perform, the term 

molecular device has been coined in analogy to macroscopic devices.[40] That is, just 
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like in the macroscopic world, a machine is built from a number of devices 

characterized by distinct functions. The purpose of a molecular optical device certainly 

places specific demands to the chromophore and stimulates the ongoing research in 

this area. In terms of molecular sensing and artificial photosynthesis it is appealing to 

design the periphery of photophysically active molecules to interact with the desired 

analyte, substrate, or catalyst in a kind of plug/socket model (Figure 2).[41–48] 

 

Figure 2. In order to connect chromophore and substrate efficiently the molecular components are 
designed analogous to a plug/socket model 

The aim of this thesis is to present new molecular chromophores which are equipped 

with peripheral binding patterns for supramolecular recognition. This approach is 

covered, on the one hand, by the choice of two chromophore units which provide 

fundamentally different photophysical phenomena to provide different optical 

responses, and on the other hand, by the development of two heteroditopic ligand 

moieties for specific second-sphere interactions with either cationic or anionic species. 

1.2. Supramolecular recognition for ion sensing 

Ions are a ubiquitous species of matter that plays fundamental roles in our everyday 

environment. Large organic anions such as phosphorylated nucleobases and sugars 

are being converted during metabolic processes[49], and the genetic code is inscribed on 

the poly-anion that is the DNA strand. Also simple inorganic ions have important 

regulatory functions: the concentration of the cations sodium and potassium in the 

human body determines the function of nerve[50] and muscle cells, and a disturbance of 

the respective blood level may cause lethal damage to the heart.[51] The calcium salts of 

phosphate and fluoride are, on the one hand, crucial for the hardness and endurance of 

bones and teeth.[52] An overexposure with fluoride, on the other hand, may present a 

health hazard to the human body as it causes bone diseases or weakens the immune 

system.[53]  
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Figure 3. The light absorption/emission features of a molecular sensor (large sphere) in solution are 
modified by the presence of a substrate (blue dots); the changes are observed by the macroscopic 

experimenter. 

It is hence of great interest to develop fast and direct methods for the qualitative and 

quantitative detection of ions in various kinds of environments. Molecular recognition 

with optical sensors is attractive, since changes of the light absorption properties can be 

easily detected with rather simple techniques such as absorption spectroscopy, or even 

by the naked eye (Figure 3). The use of fluorescence spectroscopy is desirable for a 

number of reasons, for example due to increased sensitivity and selectivity, as well as 

potentially improved spatial resolution if combined with a microscopic setup. The 

distinct mechanisms which lead to a perturbation of photophysical properties upon 

interaction with a substrate will be discussed in detail in the theory section.   

With respect to the second-sphere binding behavior of the chromophores reported in 

this thesis, the potential for optical ion recognition via visible light absorption or 

emission spectroscopy is presented. 
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2. Theory 

2.1. Photochemistry and photophysics of molecular chromophores 

2.1.1. Preface 

A chromophore is considered any molecule which can undergo changes in its electronic 

configuration through absorption of a UV, visible or IR photon. In supramolecular 

photochemistry and in particular optical molecular recognition and sensing, a manifold 

of photophysically active sub-units have been employed. These include many poly- and 

heteroaromatic carbohydrate scaffolds such as anthracene and pyrene, fluorescein and 

spiropyran derivatives, porphyrines and phthalocyanines, or perylene diimines.[39] The 

main advantage of chromophores based on coordination compounds is the direct 

accessibility of long-lived triplet states which are more sensitive to slow second order 

interactions with the matrix or substrate, and enable time-gated measurements in the 

presence of short-lived emissive species in the background.[54,55] The principal 

chromophore scaffolds investigated in this thesis are derivatives of bis(2,2’-bipyridine) 

ruthenium(II) α-diimine and bis(2-phenylpyridine) iridium(III) α-diimine. The following 

sections describe the physical and chemical processes upon and subsequent to light 

absorption by a molecular chromophore and how these processes may be manipulated 

in order to detect molecular-level processes. 

2.1.2. Photophysical processes according to the Jablonski scheme 

The general processes occurring upon visible light excitation of a chromophore are 

summarized in the Jablonski scheme (see Figure 5).[56] Upon absorption of a photon, a 

valence electron is excited into an empty non-bonding or anti-bonding orbital, resulting 

in a singlet-excited state Sn (n = 1, 2, 3…) (cp. Figure 4). Excited states with n > 1 

decay into the lowest excited state S1 via internal conversion, thereby populating 

several vibronic sub-states, eventually transferring heat to the surrounding matrix. 

 

Figure 4. Schematic depiction of the absorption of a photon by a molecular chromophore; a valence 
electron from the highest (fully) occupied molecular orbital HOMO of the ground-state (S0) 

chromophore is excited into the energetically higher lowest unoccupied MO (LUMO) to form the 
excited state (S1). 
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Figure 5. The Jablonski scheme summarizes processes which are associated with the absorption of 
a photon by a molecular chromophore.

[57,58]
 

Internal conversion (IC, ~1012 s-1), that is the down-hill transition from high energy states 

Sn (n > 1) leads to non-radiative decay which is associated with the energy gap law.[59] 

Direct transition from the S1 to the S0 state occurs through fluorescence (106-109 s-1), 

the energy of which is shifted with respect to the initial excitation wavelength due to the 

population of vibronic sub-states (Stokes shift). Intersystem crossing (ISC, 104-1012 s-1) 

takes place and the S1 state converts into the respective T1 triplet state via spin flip of 

an unpaired electron. In principle, this process is forbidden according to quantum 

mechanics and the general conservation of spin. A suitable system for ISC to occur 

eludes this rule due to spin-orbit coupling processes. This effect is most prominently 

observed when heavy elements are involved due to the increasing influence of 

relativistic effects experienced by the unpaired electrons. In light organic molecules the 

angular momentum J of an electron is determined by addition of the total spin S and 

orbital angular momentum L (J = S + L). For heavier elements, spin-orbit coupling 

exceeds spin-spin and orbit-orbit coupling and hence, the angular momentum J is 

determined by the sum of individual electron angular momenta ji = si + li. The strength 

of this effect is characterized by the spin-orbit coupling constant, the largest values of 

which have for example been determined for osmium(II) and iridium(III) ions.[25] 

Depending on the singlet-triplet gap, thermal population of the singlet state from the 

triplet state may occur through a second ISC step. Direct decay of the T1 state into the 

S0 ground state occurs upon emission of an electron, but this so-called 

phosphorescence process is generally much slower as compared to the S1-S0 transition 

(102-104 s-1). It is important to note that direct excitation from the singlet ground state S0 

into the T1 state is possible for chromophores with strong spin-orbit coupling. 
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2.1.3. Intermolecular excited-state energy exchange processes 

Regarding the supramolecular chemistry of photo-excited molecular chromophores it is 

important to discuss intermolecular energy exchange process. Generally there are three 

fundamental pathways for energy captured in a primary chromophore A to be 

transferred to a second chromophore B (note: naturally, this process needs to go 

energetically downhill).[60] Process (a) is characterized as photon 

emission/re-absorption, i.e. the excited state of molecular chromophore A deactivates 

through emission of a photon into the surrounding matrix.  

 
Figure 6. Photon emission/re-absorption process (a); wavy arrows indicate photon emission into 
the surrounding matrix; reabsorption by the second chromophore creates the excited state of the 

latter. 

This photon can be re-absorbed by a nearby chromophore B with suitable absorption 

features leading to emission of a photon with characteristic wavelength from the second 

chromophore (Figure 6). Due to technical limitations this process is inefficient and 

residual luminescence is observed.[61] 

 
Figure 7. Dexter energy transfer mechanism; dashed arrows indicate electron transfer. 

Alternatively (b) energy can be transferred through a concerted electron exchange 

process between the two chromophores, i.e. the so-called Dexter energy transfer. In 

this concerted two-electron process a first electron is transferred from the excited-state 

chromophore A into an empty acceptor orbital of chromophore B (oxidative quenching 

of A). Simultaneously a second electron is transferred from the ground-state orbital of B 

into the photo-oxidized ground-state orbital of A (reductive quenching) resulting in a 

formal transfer of an electronically excited state from A to B (Figure 7).[62] Due to the 

necessity of spatial proximity between the two chromophores for two outer-sphere 

electron transfer processes to occur, the Dexter energy transfer is limited to systems 

with short A-B distances (within 10 Å).[63] 
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Figure 8. Förster resonance energy transfer; due to dipole coupling, electronic relaxation of A (red) 
causes electronic excitation of B (purple); dashed arrows indicate intramolecular electron transfer 

processes. 

Process (c) is the so-called Förster resonance energy transfer (FRET). It is most likely 

to occur if there is a large overlap between the emission spectrum of the first unit with 

an absorption band of the latter. The FRET process is transmitted via a dipole 

exchange and hence the relative orientation and distance between the two 

chromophores to interact are decisive for the efficiency of the process (Figure 8).[64–66] 

The importance of this resonance process is particularly important in natural light-

harvesting chromophore arrays, where multiple photons are absorbed by an antennae 

system and the respective energy channeled towards the reaction center, for example 

in the photosynthetic purple bacteria.[67] 

   

2.1.4. Excited-state electron transfer processes - photochemistry 

Another process to be considered in terms of chromophore-substrate interactions which 

is not evident from the Jablonski scheme is the redox chemical reaction of the excited 

state. In molecular photochemistry, light absorption generally creates a species which is 

both a stronger oxidant with respect to the residual hole in the ground state orbital, and 

a stronger reductant with respect to the energetically elevated electron, as compared 

the ground state molecule.[68] Figure 9 represents the situation where either a reductive 

donor (Figure 9, left) or an oxidative acceptor (Figure 9, right) is in spatial proximity with 

the excited-state chromophore. 

 

Figure 9. Redox quenching of an electronically excited state; left: an electron from the fully 
occupied donor orbital of a reductive quencher is transferred to the excited-state chromophore; 
right: the excited electron is transferred to the empty acceptor orbital of an oxidative quencher. 
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In the former case, an electron transfer occurs from the donor to the singly occupied 

ground-state orbital of the chromophore, whereas in the latter case, the photo-excited 

electron is transferred to an empty valence orbital of the acceptor. Both redox 

processes quench the excited state and hence emissive deactivation pathways with 

respect to the Jablonski scheme. Redox emission quenching therefore provides a direct 

mechanism to detect intermolecular interactions between a chromophore and substrate 

via optical spectroscopy.[69–71]  

It should be noted that these photoredox processes have been employed for a number 

of technical applications in the past decades. Quenching of the electron by a 

semiconductor electrode (e.g. titanium(IV) dioxide) was successfully implied in order to 

drive an electronic circuit[72], and reduction of a suitable catalyst was used in order to 

drive chemical reductions, for example to form molecular hydrogen from water in an 

artificial photosynthetic process.[32,73] Vice versa, the ground-state hole has been used 

in order to drive chemical oxidations or draw electrons from the cathode of a 

photovoltaic cell. In this context, the detection of luminescence quenching from the 

chromophore has been an important tool in order to recognize photochemical 

interactions with the respective quencher.[69] 

2.1.5. Bis(2,2'-bipyridine) ruthenium(II) diimine complexes 

The general photophysical properties of bis(2,2'-bipyridine) ruthenium(II) diimine 

complexes are explained with the simplest congener of this complex family that is 

tris(2,2’-bipyridine) ruthenium(II).[74] Three N-N bidentate 2,2’-bipyridine ligands bind to 

ruthenium(II) in a slightly distorted octahedral geometry. The distortion stems from the 

bite angle of the chelating ligand contracting the respective N-Ru bonds, forcing the N-Ru-N 

angle <(N-Ru-N) smaller than 90°, that is usually closely around 79°.†  

 

Scheme 1. Generalized representation of D3 symmetric chiral pairs of tris(2,2'-bipyridine) 
ruthenium(II) complexes (middle); right: introduction of an individual diimine ligand (N^N, bold line) 

reduces the complex symmetry to C2. 

 

† according to solid-state structure data deposited in the Camebridge Crystalographic DataBase (CCDC) 
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The complex exhibits D3 symmetry and is hence chiral with the metal as the center of 

chirality. The respective enantiomers are the Δ and Λ isomers as depicted in Scheme 1. 

A solid-state structure of the Λ-isomer of the tris(2,2’-bipyridine) ruthenium(II) dication is 

shown in Figure 10. Complexes with two identical 2,2’-bipyridine ligands and a third 

different ligand exhibit either C2 symmetry if the latter ligand is at least C2 symmetric 

with respect to the coordinating diimine framework. The visible light absorption features 

of tris(2,2'-bipyridine) ruthenium(II) are predominantly characterized by a broad 

absorption between 400 nm and 500 nm with the absorption maximum at 450 nm. This 

band has been assigned to a metal-to-ligand charge transfer that is the oxidation of the 

metal center to ruthenium(III) and concomitant reduction of either one 2,2'-bipyridine 

ligand to the respective monoradical anion. 

 

Figure 10. Solid-state geometry of tris(2,2'-bipyridine) ruthenium(II) cation from ref. 77; ball-and-
stick depiction, solvent molecules and additional anions omitted for clarity. 

Figure 11 shows a simplified molecular orbital diagram with all transitions which are in 

principal possible within the frontier orbitals of Ru(bpy)3
2+. Excitation of an electron from 

the occupied metal-centered t2g orbital into the ligand-centered t2g* orbital leads to 

formal charge transfer to the ligand. This 1MLCT absorption is usually the predominant 

absorption phenomenon observed in the visible spectrum (vide supra, Figure 11 (a)). 

Naturally, excitation into the metal-centered antibonding eg* orbital is described as a 

metal-centered 1MC transition which weakens the respective bond and generally leads 

to the extrusion of one ligand (Figure 11, (b)). Excitation of an electron from a 

non-bonding π-orbital into a ligand-centered t2g orbital is defined as ligand-centered 1LC 

transition which is closely related to a π-π* transition in the free ligand (Figure 11, (d)). 
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Figure 11. Simplified frontier molecular orbital scheme of [Ru(bpy)3]
2+

-type complexes derived from 
molecular orbital theory. 

Lastly, an electron transfer from the non-bonding ligand-centered π-orbital into a metal-

centered eg* orbital is possible referring to a ligand-to-metal charge transfer 1LMCT 

which is usually not observed. It should be noted that transitions between orbitals of 

same symmetry are theoretically forbidden and the MLCT and MC transition occur 

mainly due to thermally induced vibronic perturbations of the ligand field. The latter 

aspect is reflected for example by the broad structure of the respective absorption 

bands. Generally, the energy of the excited state can be transferred into different 

processes. If the excited state with the lowest energy is a long-lived triplet state all 

higher states within the electronically coupled system relax into this former state 

(internal conversion, IC). So called intersystem crossing (ISC) from the 1MLCT excited 

state to the energetically lower lying 3MLCT state occurs within femtoseconds with 

almost unity efficiency in Ru(bpy)3
2+ due to strong spin orbit coupling of an unpaired 

electron. Radiative deactivation of the triplet state into the singlet ground state requires 

simultaneous change of both spin and angular moment which in a rigid non-relativistic 

molecule would be forbidden with respect to symmetry and spin conservation. The 

3MLCT state hence exhibits rather long lifetimes, in the case of Ru(bpy)3
2+ up to 

microseconds depending on the solvent which makes this excited state available for 

chemical conversions on the respective time scale. 
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2.1.6. Cyclometallated bis(phenylpyridine) iridium(III) diimine complexes 

 

Scheme 2. Generalized representation of pseudo-D3 symmetric chiral pairs of 
bis(2-phenylpyridine)(2,2'-bipyridine) iridium(III) complexes (middle); right: introduction of an 

individual diimine ligand (N^N, bold line) reduces the complex symmetry to C2. 

The general photophysical features of bis(phenylpyridine) iridium(III) diimine complexes 

are explained with the simple model of the pseudo D3 symmetric complex 

bis(2-phenylpyridine) (2,2'-bipyridine) iridium(III).[76] It is isostructural and isoelectronic 

with Ru(bpy)3
2+ that is the d6 metal ion is coordinated by three bidentate 

σ-donor/π-acceptor ligands (cp. Scheme 2). A solid-state structure of the Λ-isomer of 

the tris(2,2’-bipyridine) ruthenium(II) dication is shown in Figure 12. The two 

2-phenylpyridine ligands however bind through cyclometallation and are therefore 

anionic. The overall charge of the resulting complex with the metal in its oxidation state 

+3 is +1 accordingly. The visible light absorption of (ppy)2Ir(bpy)+ is comparatively poor 

as characterized by a weak absorption that tails off between 400 nm and 450 nm, but 

bright phosphorescence emission is observed at about 600 nm.[76]  

 

Figure 12. Solid-state geometry of bis(2-phenylpyridine) (2,2'-bipyridine) iridium(III) cation (from ref. 
79); ball-and-stick depiction, solvent molecules and additional anions omitted for clarity. 
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Figure 13. Simplified frontier molecular orbital scheme of [Ir(ppy)2(bpy)]
+
-type complexes derived 

from molecular orbital theory. 

There are several factors which explain the significantly different photophysical 

properties: (a) the increased charge of the metal center in the oxidation state +3, (b) the 

increased σ-donor strength of the anionic carbanionic ligand phenylpyridine, and (c) the 

involvement of 5d frontier orbitals instead of 4d orbitals in the appropriate ruthenium(II) 

complex. These factors altogether cause an increased ligand field splitting of the metal 

centered t2g and eg ligands (in the simplified model of an octahedral complex). The 

increased electron density in the anionic phenylpyridine ligand as compared to 

2,2'-bipyridine renders these orbitals stronger donors for an electronic transition. This is 

depicted in a simplified manner in Figure 13.  

Indeed, the nature of the predominant absorption phenomena observed between 

350 nm and 400 nm are characterized by mixed 1LC/1MLCT transitions with either 

phenylpyridine or iridium as electron donor and phenylpyridine as main acceptor (Figure 

13, (a)). The efficiency of this process benefits from the increased spatial overlap 

between donor and acceptor orbitals. Additionally electron transfer to the 2,2'-bipyridine 

from both donors is observed, that is a mixed MLCT/ligand-to-ligand charge transfer 

(LLCT, Figure 13 (b)). Theoretical in silico studies have shown that this is a fairly 

accurate model: the donor orbitals HOMO-4 to HOMO exhibit about the same degree of 

d-orbital and ppy-π-orbital character, whereas the LUMO orbital is almost exclusively 
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described by a bpy-π* orbital, and the LUMO+1 and LUMO+2 orbitals have 

predominantly ppy-π* character.[25] 

Additional absorption phenomena stem from the strong spin orbit coupling experienced 

by valence electrons in [(ppy)Ir(bpy)]+. In fact, iridium possesses the largest spin orbit 

coupling constant among the d-block elements. Direct electronic transitions between 

singlet and triplet states are hence allowed, and the respective direct excitation is 

weakly observed around 400 nm to 450 nm. 
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2.2. Means of supramolecular interaction 

2.2.1. Preface 

In order to design a molecular receptor, detailed knowledge about the supramolecular 

properties of the respective substrate is fundamental. That is, the latter should be well 

characterized in terms of its size, charge, polarity, polarizability, and the general 

molecular geometry.[78] In the sense of the previously proposed plug-socket model 

(chapter 1.2, Figure 2), a suitable receptor should provide supramolecular properties 

complementary with respect to the substrate. The nature and weight of these features 

on the molecular level is examined in the following paragraphs. 

2.2.2. Electrostatic interactions between ions 

The most intuitive interaction between separate ionic or molecular units is electrostatic 

interaction (Figure 14). Many inorganic materials are salts which are essentially held 

together by attraction of the oppositely charged ions it consists of.[79] 

 

Figure 14. Electrostatic attraction between the positively charged chromophore P and the 
negatively charged substrate (grey sphere) brings both components together in one solvation shell 

(dotted lines) 

Ionic charges can reside on a single element, small inorganic molecules, or even large 

organic molecules. In the latter case, distinct ionic charges may not be distributed over 

the whole molecular framework but be rather located on a single functional group. 

Amino acids for example often appear as zwitterionic species in ambient aqueous 

media due to formal intramolecular proton transfer, resulting in an overall charge neutral 

species with two spatially separate ionic monopoles, which interact with external 

charges.[80] As indicated by Figure 15 not only the charge but also the size and charge 

distribution give rise to a more detailed differentiation between several ions. In this 

regard, binding of anions has proven more challenging than cation binding for a number 

of reasons. Several properties need to be considered. That is: (a) the size and shape of 

the ion, (b) the charge-to-radius ratio, (c) solvation and in particular protonation effects, 

and (d) the polarizability of the valence electron shell according to Pearson’s hard-and-

soft Lewis acid/base concept (HSAB).[81]  
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Figure 15. Ionic species can be spherical (halides), pseudo-spherical (phosphate, sulfate), or be 
restricted to distinct groups attached to a neutral molecule (phosphorylated sugar); amino acids 

such as aspartic acid contain several distinct ionic groups. 

 (a) The size and shape of ionic species is a rather well-characterized property which 

corresponds to the molecular geometry as determined for example by solid-state 

structures or quantum mechanical models. The charge-to-radius ratio (b) results 

naturally from (a) and poses a fundamental aspect that distinguishes anion and cation 

coordination chemistry. That is, for cationic species the respective valence electrons 

are attracted more strongly as compared to isoelectronic anionic species (see Table 

1).[82] As a consequence, electrostatic interaction is comparatively less efficient for 

anions as compared to cations.[83] 

Table 1. Comparison of ionic radii of isoelectronic alkali cations and halide anions.
[82]

 

Valence electron 
configuration 

Cation r [Å] Anion r [Å] 

[Ne] Na+ 1.16 F- 1.19 
[Ar] K+ 1.52 Cl- 1.67 
[Kr] Rb+ 1.66 Br- 1.82 
[Xe] Cs+ 1.81 I- 2.06 

 

Concerning aspect (c): solution based systems and protic media in particular pose a 

further challenge for supramolecular self-assembly as reflected by large solvation 

energies (e.g. molar Gibbs free energy of hydration ΔGhydr = -340 kJ mol-1 for chloride in 

water at 298.15 K).[84] In this regard it must be noted that due to the weaker charge 

stabilization of anions by the nucleus as compared to cations, larger solvation shells are 

observed for anions in order to stabilize the excess charge on the ion, hence resulting 

in an increased effective radius.[84] Protic media pose the particular challenge that direct 

protonation of basic anions may occur and hence compensate the excessive charge, 

diminishing the effect of electrostatic ion pairing with a suitable receptor. Lastly, the 

HSAB concept (d) derives rather naturally from the aforementioned aspects. That is, 
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the weak attraction of valence electrons in anionic species as compared to the 

respective isoelectronic cations renders the outer electrons more susceptible to external 

dipoles and hence polarization of the outer shell. A more detailed discussion of the 

concept is given in the respective paragraph (vide infra, 2.2.4).  

2.2.3. Ion-Dipole interaction 

Small dipoles in bonds or functional groups are observed when elements with 

significantly different electronegativity engage in a covalent bond.[85] As the electrons in 

the covalent bond framework are drawn towards the electronegative elements or 

groups, partial positive and negative charges are generated, which interact with ionic 

monopoles as described above. Cation binding with polar molecules is observed for 

example in the binding of alkali, earth alkaline or lanthanide cations by ethers, where 

the negatively polarized oxygen atoms interact with the positively charged metal ion (cp. 

Figure 16, left). This effect can be enhanced using the chelate and macrocyclic effects 

which pre-organize multiple dipoles to bind to a cation without a significant decrease of 

local entropy (Figure 16, middle).[43,78] 

 

Figure 16. Interaction between ions and molecular dipoles; left: ketones bind metal cation through 
the negatively charged oxygen; middle: the macrocyclic crown-ether binds a cation through six 

complementary interactions; right: positively polarized terminal halides bind anions. 

Positively polarized atoms or groups can likewise bind anionic monopoles. However, in 

contrast to the aforementioned cations, which are inert concerning their outermost 

orbitals, interaction between positively polarized carbon or heteroatoms and ionic 

monopoles may exhibit covalent character and substitution or elimination reactions may 

occur subsequent to electrostatic interaction.[86] Subsequently, only such molecular 

dipoles are suitable for electrostatic attraction of an anionic monopole, which do not 

exhibit reactive valence orbitals, i.e. almost exclusively hydrogen, bromide, or iodide 

atoms terminally attached to an electron withdrawing molecular scaffold (cp. 

imidazolium derivatives, Figure 16, right). Naturally, C-H···Anion or X-H···Anion (X 

being a heteroatom) interactions are most often observed as hydrogen atoms are in 

most cases terminating organic molecular scaffolds.[87–91] It needs to be pointed out that 
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the interaction between anions and positively polarized terminal hydrogen atoms is 

fundamentally different from shared hydrogen bonds which are discussed in a separate 

paragraph (vide infra, 2.2.6). Briefly, hydrogen bonds describe intermediate proton 

transfer states between a Brønsted acid as proton donor and Brønsted base as proton 

acceptor, the corresponding base and acids of which can be generated separately 

under the given conditions.[92] 

2.2.4. Lewis acids and bases 

Attractive interactions between an electron pair donor and an electron pair acceptor are 

generally described by the Lewis acid base concept (Figure 17). The aforementioned 

cation-dipole interaction with the oxygen atoms of the ligating ether can to some extent 

also be described as acid-base interaction with the oxygen atom being the Lewis base. 

 

Figure 17. Left: Schematic depiction of a Lewis-base/Lewis-acid interaction; right: concept of a 
fluoride sensor based on bulky tri-coordinate boron as Lewis-acid, binding fluoride as substrate.

[93]
 

A typical main group Lewis acid is trivalent boron, as it stabilizes an electron sextet, but 

readily binds Lewis-bases to achieve a full outer valence shell. This class of Lewis acids 

is particularly suitable to bind fluoride and several sterically crowded boron based 

sensors have been presented for the selective sensing of fluoride ions.[94,95] The “hard 

and soft acids and bases” concept (HSAB) further displays a powerful tool for the 

design of binding motifs for a specific acceptor.[81] It states that acid-base pairs of 

comparable hardness bind strongly to each other, whereas hardness is defined by the 

polarizability of the respective orbitals. Hard ions or groups are such electronic systems, 

where the valence orbitals are strongly located and affected by the charge of the 

nucleus, shaping a well-defined dipole or monopole. The valence orbitals of soft ions or 

groups, in contrast, are characterized as diffuse since they are only weakly attracted by 

the nucleus.  
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The resulting electronic poles can therefore be shifted, which allows for a special type 

of London interaction additional to the sharing of an electron pair and electrostatic 

attraction. The design of a specific sensor function therefore requires to some extent 

knowledge of the hardness of the respective analyte according to the HSAB concept. 

2.2.5. Ion-π interaction 

π-systems are interesting building blocks for both cation and anion binding. Many metal 

complexes are known featuring π-systems such as benzene and cyclopentadienide 

derivatives as multiple electron pair donors.[96] The delocalized electron system above 

and beneath the scaffold of the nuclei is generally considered negatively polarized and 

therefore attracts positively polarized or charged moieties. The terminal hydrogen 

atoms in contrast form a positively polarized edge, which can be used to establish 

C-H-anion interactions at the aromatic scaffold (Figure 18).[97]  

 

Figure 18. Charge distribution in aromatic carbocycles; left: top-view of benzene as simplest 
congener; right: schematic side-view, showing the negatively polarized electron cloud above and 

beneath the σ-scaffold (blue) and positively polarized edges (red).
[97]

 

Additionally, direct interaction between an anion and the π-system of an aromatic unit 

can be stabilized if sufficiently strong electron withdrawing groups are introduced. Large 

heterocyclic aromatics are furthermore polarized in terms of electron distribution within 

the π-system, generating weak dipoles which have potential for applications for anion 

binding as well (Figure 19).[98–100] 

 

Figure 19. Interaction between ions and π-systems; left: in metallocenes a cation is coordinated by 
the negatively polarized π-system of two cyclopentadienide ligands; middle/right: electron deficient 

π -systems attract anions. 
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2.2.6. Hydrogen bonds 

Hydrogen bonding is likely the most potent and versatile tool for anion binding with 

Gibbs free energies ranging from 4 – 120 kJ mol-1.[78] It is also a ubiquitously observed 

supramolecular force that is fundamental for the formation of life. The unusual and vital 

properties of water in contrast to other chalcogenide hydrides stem from the strength of 

hydrogen bonds between single water molecules (cp. Figure 20, left).[101] This is 

rationalized by the large difference in electronegativity of oxygen as compared to 

hydrogen, resulting in a net charge of up to -0.8 for the oxygen atom and +0.4 for each 

hydrogen atom, consequently leading to strong intermolecular electrostatic attraction 

between these poles.[102] The two complementary strands of DNA are held together by 

complementary H-bonds between the nucleic acids (cp. Figure 20, right), but also the 

compact helical structure of starch or secondary protein structures are formed due to 

hydrogen bonds between the amino acids.[80]  

 

Figure 20. Examples for hydrogen bonds; left: hydrogen bonds are responsible for the unique 
properties of water among the chalcogen hydrides; right: the nucleotide base pairs of DNA form 

complementary hydrogen bond dimers. 

In contrast to polarized C-H or X-H bonds, hydrogen bond donors are weakly acidic and 

capable of stabilizing the corresponding base anion under the conditions where 

hydrogen bonding is anticipated (cp. vide supra, 2.2.3). Correspondingly, it has also 

been described as a “frozen” proton transfer state between a proton donor and an 

acceptor.[92] Figure 21 examines the simple example of a hydrogen bond shared 

between the two equivalent electron pair donors chloride or fluoride, for example. 
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Figure 21. Left: cross section of the energy hypersurface for a hydrogen bond between two chloride 
ions as compared to fluoride; right: orbitals involved in hydrogen bonding in the hydrogen 

difluoride anion HF2
-
.
[79]

 

The first case is exemplary for most hydrogen bonds where the proton needs to 

overcome an energy barrier to change between donor and accepter. The size of this 

barrier in relation to thermal energy determines the strength of attractive interactions 

between the bonding partners. In the particular case of hydrogen difluoride a stable 

complex is formed with the proton bound in between both binding partners. The atomic 

orbitals involved in this situation are depicted on the right-hand side of Figure 21. 

The basicity of both binding partners as characterized by the respective pKa values 

provides an important value in order to estimate the strength of a hydrogen bond.[92] 

Several other parameters for the characterization of hydrogen bond strength have been 

determined with respect to solid-state structural data, IR and NMR spectroscopy, and in 

silico calculations.[78,102] A brief summary is provided in Table 2. 

Table 2. Experimental values for the characterization of hydrogen bond strengths.
[78]

 

 strong moderate weak 

Bond energy 
[kJ mol-1] 

60 – 120 16 – 60 < 12 

Bond length 
(D···A)a 2.2 – 2.5 2.5 – 3.2 3.2 – 4.0 

Bond angle 
(D-H···A)a 

175 – 180 130 – 180 90 – 150  

1H-NMR chemical 
shift [ppm] 

14 – 22 < 14 

a 
D for non-H donor atom, A for non-H acceptor atom 

 

Typical hydrogen bond donors are planar N-H functions such as the amide binding 

motif of peptides, urea derivatives, and azoles. It should be noted that some of the most 

potent anion sensors known to date have been constructed using hydrogen bond motifs 

in combination with electrostatic attraction, some of which will be discussed in detail in 

the following chapters.[83,103,104]  
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2.3. Supramolecular photochemistry 

2.3.1. Preface 

The common basis for molecular optical recognition in terms of sensing, signaling or 

photocatalysis is supramolecular photochemistry.[68,105] The previous chapters have 

described the principles of its paternal scientific areas, namely photophysics, 

photochemistry, and supramolecular chemistry. The following chapters describe how 

photophysical and photochemical phenomena can be linked to intermolecular 

interactions in order to study molecular-level processes using optical spectroscopy (cp. 

Figure 22).[37–39,106] That is, binding of an “invisible” substrate to a supramolecular 

receptor unit must manipulate the photophysical processes at the “visible” chromophore 

in order to stimulate a detectable change.[105]  

 

Figure 22. Distinct photophysical features (e.g. red color, no emission) of the chromophore P are 
modified upon interaction with a distinct substrate (e.g. colour change, appearance of 

luminescence). 

2.3.2. Photo-induced charge transfer (PCT) 

Charge transfer is observed when the acceptor orbital of an electronic excitation 

features a different spatial distribution across the absorbing molecule as compared the 

donating orbital. Electronic excitation hence causes a significant change of the 

chromophore molecular dipole.[107] This situation is reflected, for example, by solvent 

dependence of the photophysical characteristics in accordance with Marcus’ theory.[108] 

Substrate binding perturbs the molecular dipole in the ground-state or electronically 

excited state. An electron withdrawing substrate can lower the energy of the accepting 

orbital or of the donating orbital, hence shifting the respective absorption either 

hypsochromically or bathochromically. Vice versa, an electron donating substrate 

elevates the energy of the influenced orbitals (Figure 23). 
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Figure 23. Schematic representation of the PCT mechanism; binding of a substrate to either a 
donating (right) or accepting (left) moiety manipulates the energy gap and hence the energy of an 

absorbed photon. 

 

Both effects are generally expected to lower the probability of the perturbed transition 

and the corresponding extinction coefficient.[37,39,109] 

For example, the charge transfer chromophore presented in Scheme 3 has been 

reported to exhibit outstanding solvochromic behavior for both absorption and emission 

properties. Upon light excitation of the conjugated π-electron system, charge is 

transferred from the tertiary amine groups towards the cyclic ketone.[110]  

 

Scheme 3. Representation of a chromophore with outstanding solvent sensitivity; red arrows 
indicate charge transfer from the amine donor moieties to the accepting ketone. 

In the case of the cation sensor presented in Scheme 4 absorption of a photon causes a 

charge transfer from the electron-rich hetero-crown ether to the azachinone derivative. 

Upon selective binding of mercury(II) electron density is withdrawn from the ether and the 

color of the sensor reportedly changes from violet to yellow with a concomitant blue-shift of 

emission, which is in accordance with an increased energy gap.[111] 

 

Scheme 4. A PCT based mercury(II) cation sensor; electronic excitation leads to a charge transfer 
from the crown ether to the azachinone moiety (blue arrow); mercury binding reduces the electron-
donor ability of the ether, causing a hypsochromic shift of absorption and emission (blue arrow). 
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2.3.3. Photo-induced electron transfer (PET) 

In contrast to PCT, photo-induced electron transfer (PET) features an electron transfer 

process subsequent to the initial electronic excitation. As has been discussed in the 

previous section (vide infra, 2.1.3) an excited state can be quenched in terms of redox 

processes with a substrate. This provides a direct tool in order to optically detect the 

chromophore/substrate interaction via luminescence spectroscopy. In order to detect 

redox innocent substrates such as alkali and alkaline earth metal ions or halides, an 

indirect strategy has been developed.[109]  

 

Figure 24. Sensing via PET; binding of a substrate (grey circle) manipulates the redox potential of a 
reductive (blue box, left) or oxidative (blue box, right) receptor; increasing the donor reduction 

potential or decreasing the acceptor oxidation potential enables redox interaction with the excited 
chromophore (luminescence switch “off”), decreasing the donor reduction potential or increasing 

the acceptor reduction potential inhibits the redox process (luminescence switch “on”). 

That is, a redox active receptor unit is attached to the chromophore, the redox potential 

of which is modified by presence of the substrate. Binding of the substrate hence 

manipulates the receptor similar to processes depicted in Figure 23. As shown 

schematically in Figure 24 redox processes can thus either be switched on or off and 

luminescence vice versa in order to indicate substrate binding.[112] 

An example is given by the anthracene/thiourea sensor in Scheme 5. Hydrogen 

bonding of fluoride abstracts the corresponding protons and increases the electron 

density of the thiourea moiety. The latter is hence a stronger reductant, transferring an 

electron to the excited-state chromophore according to the top left pathway in Figure 24. 
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Scheme 5. PET sensor with anthracene chromophore unit, methylene spacer and thiourea as 
reductive quencher/receptor; fluoride binding increases the electron density in the quencher due to 

proton abstraction causing an emission intensity (cp. Figure 24, top left). 

 

2.3.4. Excited-state energy transfer (EET) 

The principal mechanisms of excited state energy transfer (EET) have been discussed 

earlier (vide supra, 2.1.3), that is, the energy of an electronically excited state can be 

transferred from an excited chromophore A energetically downhill to a second 

chromophore B via: (a) emission from A and re-absorption of the emitted photon by B, 

(b) a simultaneous two-electron transfer process between A and B (Dexter energy 

transfer), or (c) radiationless energy transfer via dipole coupling between A and B. The 

EET phenomenon has been employed for ion recognition due to conformational 

changes between the employed chromophores upon substrate binding. The efficiency 

of the EET process is subsequently manipulated and the presence of the substrate can 

be determined for example using ratiometric analysis of the characteristic emission 

features of the employed chromophores (cp. Figure 25).[68,109,113] A combination with the 

PCT (vide supra, 2.3.2) mechanism is also feasible, where perturbation of the energy 

gap of either donor or acceptor modifies the relative energies of the chromophores. 

 

Figure 25. EET sensing; interaction of the substrate (grey sphere) changes the relative orientation 
of two chromophores (potential covalent connection indicated by dotted line); top: substrate 

binding brings the chromophores in close contact, hence enabling EET; bottom: substrate binding 
disconnects the chromophores, hence disabling EET. 
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Scheme 6. EET-based sensor with two coumarin chromophores; upon coordination of lead(II) the 
two chromophores are brought into close spatial proximity, hence enabling efficient EET. 

The sensor depicted in Scheme 6 for example consists of two coumarin chromophore 

units covalently linked by a nucleophilic oligo-ether chain. Upon coordination of the 

chain to lead(II) cations, the two chromophores are brought into spatial proximity, hence 

enabling EET between the coumarin units.[114] 

2.3.5. Excimers 

An excimer is formed when an excited state chromophore forms a dimer with a 

ground-state chromophore of the same type (cp. Figure 26). The concept is similar to 

EET with the significant difference that both chromophores exhibit the same energy 

gap. In other words, one excited state is distributed over two identical chromophore 

units. Emission from the excimer hence differs from the emission of the single unit due 

to intermolecular interaction in the dimer. This aggregation dependent change of the 

photophysical features has been employed in a manner similar to the previously 

discussed EET mechanism. The relative emission intensities also allow ratiometric 

analysis.[37,112] 

 

Figure 26. Different luminescence phenomena are observed from the chromophore dimer (top right) 
as compared to the monomer (bottom); binding of a substrate inhibits dimerization, hence 

changing the monomer/excimer ratio. 
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Scheme 7. Excimer sensor based on an intramolecular anthracene dimer; binding of two 
equivalents of sodium ions leads to increased excimer emission. 

Classic examples are polyaromatic carbocycles such as pyrene and anthracene form 

dimers in which one singlet excited state fissions into two triplet states.[115] The 

anthracene dimer depicted in Scheme 7 was shown to exhibit solvent-sensitive 

emission predominantly attributed to short-lived singlet states. Upon addition of one 

equivalent of potassium salt or two equivalents of sodium salt, increased emission from 

the excimer is observed. The significantly prolonged excited-state lifetimes are further 

indicative for a triplet excited state.[116]  
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2.4. Supramolecular recognition and sensing 

2.4.1. General overview 

In the development of optically active receptors for supramolecular recognition over the 

past decades, a wide variety of photoactive units has been derivatized with 

supramolecular binding motifs. Polyaromatic chromophores such as pyrene or 

anthracene absorb UV light through π-n or π-π* transitions and fluoresce in the visible 

regime, but the application is limited owing to the short lifetimes of excited states. 

Colorimetric sensing further requires the chromophore to interact with light in the visible 

regime. Sensors with long-lived luminescent excited states and emission in the visible 

or near IR regime have been developed from lanthanide complexes which emit from 

virtually inert f-f transitions that need to be sensitized usually by an organic light-

harvesting ligand (cp.Scheme 8).[117–119]  

 

Scheme 8. Lanthanide based sensors feature an organic UV-sensitizer (yellow) and a lanthanide-
based near-IR-emitter (red) with a vacant coordination site for anion binding (green). 

Polypyridine complexes of the d6 metal ions rhenium(I), iridium(III), osmium(II), and 

ruthenium(II) have attracted particular attention in recent years for several reasons, that 

is (a) their general thermodynamic stability, (b) well-characterized photophysical 

phenomena such as distinct metal-to-ligand charge transfer absorption, (c) highly 

efficient intersystem crossing in order to provide long-lived triplet excited states 

available for intermolecular processes (excited state chemistry), (d) absorption and 

emission phenomena in the visible regime of the electromagnetic spectrum, and (e) 

synthetic versatility in terms of ligand manipulation with little or assessable subsequent 

distortion of the photophysical properties of the respective complexes.[56]  
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Scheme 9. Principal building blocks for molecular optical ion sensors employed by the group of 
Beer: rhenium(I), ruthenium(II), and osmium(II) based chromophore units + 4,4'-dipeptide 

derivatives of 2,2'-bipyridine. 

For the past decades the group of Beer has contributed tremendously to the field of 

anion receptors and herein developed sensors with outstanding performance in terms 

of selectivity and sensitivity.[120] A key building block in this effort has been 

4,4’-dicarboxy-2,2-bipyridine as a bridging unit between the photoactive metal 

fragments tris(carbonyl) chlorido rhenium(I), bis(2,2’bipyridine) ruthenium(II), or bis(2,2’-

bipyridine) osmium(II).[48,121–125] In this regard, the reporter units were related to the ones 

presented in this thesis as they all employ phosphorescent 3MLCT excited states. In 

order to introduce peripheral hydrogen bond donors for anion binding, these ligands 

were converted with primary amines into the respective amide complexes (cp. Scheme 

9). The planar amide N-H bond is sufficiently acidic to establish hydrogen bonds with 

moderately basic anions. The cis-orientation of these groups facing each other in the 

2,2'-bipyridine derivative allow, in principal, chelating hydrogen bonds towards an 

anionic receptor. A rather simple congener of this family of receptors is the 

2-methoxyethylamine derivative with two amide functionalities. An increase of emission 

intensity has been reported for the respective ruthenium(II) chromophores by about 

30% in the presence of chloride, bromide, or acetate in acetonitrile solution. The 

mechanism for the increased luminescence remains to be elucidated. De Silva had 

proposed to consider anionic perturbation of the MLCT state. Another explanation that 

has been widely accepted over the past years is that the principal conformational 

flexibility of the alkyl amide function and interaction thereof with the solvent would 

produce vibronic non-radiative deactivation pathways. This model has been supported 

by investigations of sensors with a macrocyclic receptor unit as compared to the 

respective “open” analogues (see Scheme 10). 
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Scheme 10. Ruthenium(II) dipeptide receptors employed for mechanistic studies. 

Anion binding was reported for both chromophores with binding constants in the same 

order of magnitude, but luminescence increase as primary signaling property has been 

significantly stronger for the more flexible non-cyclic chromophores.[48] It should further 

be noted that the binding constants determined in pure acetonitrile are rather low, i.e. in 

the range of 102. Nonetheless, introduction of vibronic deactivation pathways has 

proven potent for the development of sensing of weakly or moderately basic anions by 

transition metal based triplet emitters. A more elaborate approach involves the use of 

large macrocycles suitable for introduction into mechanically interlocked 

macromolecules.  

 

Scheme 11. A macrocyclic receptor introduced into a [2]-rotaxane superstructure in order to 
increase selectivity and sensitivity. 



 

 

 
32 

 

Theory 

Rotaxanes and pseudo-rotaxanes have been presented which consist of a macrocyclic 

chromophore and either a second axial chromophore unit or a bifunctional axis capable 

of establishing addition H-bond interactions with an analyte. Interestingly, chloride has 

been employed as a template in the synthesis of the interlocked supramolecules, that 

is, the high affinity of both axis and macrocycle (cp. Scheme 11) to bind chloride 

through hydrogen bonds favors the pre-organization of the components. Vice versa, the 

respective rotaxane shows high affinity towards chloride binding due to complementary 

hydrogen bonding with a binding constant of Krotaxane = 750 L mol-1 (acetone-d6/D2O 7:3) 

as compared to Kmacrocycle = 210 L mol-1 (acetone-d6/D2O 9:1) for the pure osmium 

macrocycle. It has been shown in several related studies that such structural 

pre-organization improves the selectivity of sensors and additionally allows for the 

delocalization on surfaces as demonstrated by Beer et al.[126–130] It should be noted that 

macrocyclic oligo-ether fragments are known to bind cations, in particular alkali and 

earth alkali ions which in principal would allow the simultaneous binding of ion 

pairs.[131,132] The versatile chemistry of macrocyclic building blocks and mechanically 

interlocked supramolecules subsequently is hence an appealing area for the 

development of novel molecular sensors. 

Despite their undisputable success, a principal weakness of the 2,2’-bipyridine-based 

discussed above is the rather arbitrary connection between the photoactive signaling 

unit and the supramolecular binding motif. Electronic communication in terms of 

delocalized molecular orbitals is an appealing approach in order to wire sensitive 

receptor-substrate interactions to the electronic transitions of the chromophore. This 

concept is rationalized in the receptor units presented in this thesis that is namely 

derivatives of 2,2’-bibenzimidazole for anion binding or 1,10-phenanthroline-5,6-diaryl-

diazadiene for cation binding.  
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2.4.2. Receptors based on 2,2’-Biimidazole and 2,2’-bibenzimidazole 

2,2’-biimidazoles and 2,2’-bibenzimidazoles have been recognized as potent building 

blocks for metal-based second-sphere receptors for supramolecular recognition owing 

to the appealing structural motif that is the α-diimine-diamine oxalamidine framework. 

As demonstrated in Scheme 12, these functions can be exchanged either through 

rotation around the central C-C single bond or simultaneous protonation/deprotonation 

and double bond isomerization which makes 2,2’-biimidazoles particularly interesting in 

terms of ion binding. 

 

Scheme 12. Left: the α-diimine-diamine framework of oxalamidine is interchangeable via C-C bond 
rotation or protonation/deprotonation/double bond isomerization; right: simultaneous cation/anion 

binding refers to a cis-diimine/cis-diamine configuration. 

Subsequently, 2,2’-biimidazoles and the related oxalamidines have been shown to bind 

both cations and ions either through the Lewis basic chelating diimine coordination 

sphere or through hydrogen bonds donated by the diamine sphere.[133–138] Despite the 

seeming advantage of conformational flexibility of oxalamidines, however, it was shown 

that rotation of one C-N bond is unselective in terms of simultaneous substrate binding 

through the peripheral diamine. Ion receptor chemistry has hence focused on the more 

rigid imidazole derivatives. A particular charming feature of 2,2’-bibenzimidazoles is its 

fused five-membered/six-membered ring geometry which allows the synthesis of 

4,4’-disubstituted derivatives with ideally parallel orientation of the respective 

substituents (see Scheme 13). This has been rationalized about a decade ago the 

group of Siegel who reported a versatile synthetic procedure for the formation of 

4,4’-diaryl substituted 6,6’-dimethyl-2,2’-bibenzimidazole derivatives.[139] The authors 

pointed out that due to the parallel orientation of the substitution pattern, in contrast to 

4,4’-functionalized 2,2’-bipyridine, a sterically well-defined pocket could be generated, 

the width of which is, in principal, constant irrespective of the distance from the 

backbone. 
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Scheme 13. Left: 4,4'-functionalization of 2,2'-bipyridine forms a 2-dimensional cone with distance-
dependent pocket size; right: due to the fused five-membered ring geometry, 4,4'-substitution of  

2,2'-bibenzimidazoles forms a parallel, distance independent 2-dimensional pocket geometry. 

In order to suppress rotation around the central C-C single bond and hence to establish 

a cis-orientation and formation of the devised pocket, organic backbones, namely 

ethylene, propylene, or ortho-xylylene were bound to the nitrogen atoms in the 

1,1’-positions in a subsequent report.[140] For this study, the authors focused on the 

para-anisyl and ortho-dimethyl-para-anisyl substituted 2,2’-bibenzimidazoles with 

particular attention to the effect of rotational freedom of the substituents with respect to 

the bibenzimidazole. Indeed, this approach yielded the cis-arylated derivatives in up to 

78 % yield. It should be noted that the yields decrease with the steric demand of the 

backbone and an exceptionally low yield of 43 % has been reported for the ethyl-

bridged dimethylanisyl derivative. The authors have discussed geometrical factors in 

much detail in order to map the subtle effect imposed on the system in terms of steric 

modifications. In agreement with the aforementioned geometrical consideration the 

orientation between the anisyl rings deviates only within 6° from a perfectly parallel 

orientation.  

Table 3. Geometrical parameters for N,N'-bridged 4,4'-disubstituted 2,2'-bibenzimidazoles reported 
by Siegel et al., values determined from structures deposited in the CCDC database for ref. 141. 

 BI/BI BI/Anis bending 
distance 

Anis/Anis 

 

xyl-H 38.81 34.33 2.09 8.58 

xyl-Me 58.37 76.99 6.62 9.78 

pr-H 22.81 40.70 1.48 8.38 

pr-Me 16.55 70.53 87.30 7.66 

et-H 15.29 40.83 6.23 8.87 

et-Me 5.33 67.19 2.05 8.19 
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However, due to a twist of the benzimidazole moieties of 39° (anisyl) or 58° 

(dimethylanisyl) between the two benzimidazole planes in the xylyl-bridged derivatives, 

the distance between the anisyl rings is significantly increased up to 9.78 Å. The twist 

angles measured between the substituents and the bibenzimidazole backbone are in 

good agreement with the claim by the authors, that the dimethylanisyl substituents are 

hindered from rotation in contrast to the anisyl analogues. That is, for the anisyl 

substituents angles of 34° (xyl), and 41° (pr, et), and for the dimethylanisyl substituents 

77° (xyl), 71° (pr), and 67° (et) have been observed. The report by Siegel and co-

workers gives in-depth insight into the defined geometric variation of 

2,2’-bibenzimidazoles as building blocks for well-ordered supramolecular building 

blocks. Due to the alkylation of the amine functions, however, these purely organic 

building blocks are no longer suitable for hydrogen bond directed anion binding. 

Coordination of the diimine to a suitable metal center, in contrast, does in principal 

retain the corresponding diamine function and retains the planarity of the 

2,2’-bibenzimidazole backbone with respect to its central C-C single bond. Due to the 

five-membered ring geometry of the imidazole ring, however, the 2,2’-biimidazole core 

framework exhibits a smaller bite angle as compared to other diimine ligands like 

2,2’-bipyridine. The respective scaffold is hence usually bent along the N=C-C=N 

geometry in order to optimize the interaction with the metal center, i.e. shortening of the 

metal-nitrogen bonds and decrease of the bite angle (cp. Scheme 14). This manipulates 

the second-sphere hydrogen bond donating or second metal binding sphere 

subsequently in terms of an opening and hence decreased bite angle. The distortion 

has proven critical for the formation of oligonuclear metal complexes upon binding of 

metal ions to the peripheral deprotonated amine functions. Scheme 15 shows some 

examples, where the decreased bite angle with the chelated primary metal center 

favors complementary monodentate binding of either one cation per amide 

function.[135,141,142] 

 

Scheme 14. The smaller bite angle of 2,2'-biimidazoles (middle) as compared to 2,2'-bipyridine (left) 
is corrected via bending towards a cation, hence widening the peripheral α-diamine geometry 

(right). 
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Scheme 15. Literature examples of hetero-oligo nuclear 2,2'-bibenzimidazole complexes. Due to 
bending towards the primary chelated metal center, multiple metal centers are bound in the second 

sphere. 

For hydrogen bonds the enlarged diamine donor sphere has been shown to preferably 

bind two acceptor atoms complementarily.[138,143–147] The diimine ligand sphere of 

2,2’-biimidazole and 2,2’-bibenzimidazole derivatives is extremely versatile in terms of 

coordination chemistry and second-sphere receptor complexes have hence further 

been reported with rhenium(III)[148,149], ruthenium(II)[150] and ruthenium(III)[151], 

osmium(II), osmium(III), and osmium(IV)[152,153], copper(I)[143], and cobalt(III)[154] 

(Scheme 16). As has been mentioned earlier, a potential advantage of the 

2,2’-bibenzimidazole framework in terms of optical supramolecular recognition is the 

potential double bond isomerization mechanism between the amine and imine 

functions. 
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Scheme 16. 2,2'-Biimidazoles and 2,2'-Bibenzimidazoles are suitable ligands for various metal 
centers to form the respective second-sphere receptors. 

Binding of an electron withdrawing cation to the imine subsequently draws electron 

density from the coupled amine, hence increasing its Brønsted acidity. Vice versa 

deprotonation of the amine or hydrogen bonding with an acceptor increases the 

electron density of the diamine/diimine system and hence the Lewis-basicity of the latter 

(cp. Figure 27).[153,155,156] It should further be mentioned that binding of an anion to the 

specific binding site that is the cis-diamine motif of metal-bound 2,2’-biimidazole or 

2,2’-bibenzimidazole significantly enhances the dipole of the ion pair. Subsequently, the 

photophysical properties of ruthenium complexes of 2,2’-biimidazoles and 

2,2’-bibenzimidazoles exhibit significant changes upon deprotonation or metal binding 

as has been described by the group of Haga.[153,155] The principal photophysical 

phenomena observed for heteroleptic complexes with one 2,2-biimidazole ligand and 

two ancillary 2,2’-bipyridine ligands is similar to that of the model complex 

tris(2,2’-bipyridine) ruthenium(II) that has been described in the respective paragraph 

(vide supra, 2.1.5). 

 

Figure 27. Charge shift induced by either cation or anion binding influence the respective 
interaction with the respective opposite ion. 
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A characteristic visible light absorption band with the intensity maximum at 

λmax = 460 nm is characterized by a 1MLCT transition which leads to emission from the 

3MLCT state with an intensity maximum at λ = 630 nm. It has however been shown that 

electronic excitation reduces the 2,2'-bipyridine ligands exclusively, whereas the 

2,2'-bibenzimidazole does not act as an electron acceptor. Electrochemical data 

showed that the ruthenium(II)-ruthenium(III) oxidation is shifted cathodically as 

compared to [Ru(bpy)3]
2+ which affirms that the 2,2'-bibenzimidazole ligand is a rather 

strong σ-donor and weak π-acceptor (cp. Figure 28) 

 

Figure 28. Charge transfer processes of tris(2,2'-bipyridine) ruthenium(II) as compared to 
bis(2,2'-bipyridine) (2,2'-bibenzimidazole) ruthenium(II) as determined by Haga et al.; light excitation 

leads to electron transfer from ruthenium(II) (donor, red) to 2,2'-bipyridine (acceptor, blue) 
exclusively. 

Strikingly both absorption and emission are strongly dependent on the pH of the matrix 

which is in accordance with the presumption that the peripheral amine functions are 

coupled to the Lewis basic imine and hence, the photoactive ruthenium coordination 

sphere. That is, upon single deprotonation which for example occurs spontaneously in 

methanol the color turns from initially red to orange brown. In the UV/Vis spectrum, a 

broadening of the MLCT absorption band with concomitant decrease of the extinction 

coefficient is observed. Haga and co-workers had reported that the respective 

absorption maximum was shifted from initially λmax = 463 nm (logε = 4.07) to λmax = 

507 nm (logε = 3.96) in acetonitrile.[155] Upon second protonation the absorption shifts 

further to λmax = 551 nm (logε = 3.96) which is well visible by a vivid color change from 

orange-brown to violet (cp. Figure 29 and Figure 30). Concomitantly, emission is 

quenched in two steps, i.e. the mono-deprotonated complex exhibits weak red-shifted 

emission at about λmax(em) ~ 700 nm and the fully deprotonated complex is non-

luminescent.  
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Scheme 17. Subsequent deprotonation of bis(2,2'-bipyridine) (2,2'-bibenzimidazole) ruthenium(II) 
and related complexes leads to stepwise bathochromic absorption shift (color change red - orange-

brown - dark violet) and emission quenching. 

Furthermore, the respective pKa values for the first protonation in aqueous media were 

reported in the range of 5-7 which render them ideal for acid-base chemistry also in 

biological media. Several solid-state structures of oxalamidine, 2,2’-biimidazole, and 

2,2’-bibenzimidazole complexes have been reported previously which were shown to 

bind either anions or Lewis basic solvent moieties via hydrogen bonds in the crystalline 

solid state.[138,144,145,157–162] Owing to this protonation dependence of the photophysical 

properties and suitable hydrogen bond chemistry 2,2’-biimdazole complexes of 

ruthenium have been employed as second-sphere ion receptors. First studies using 

2,2’-Biimidazole and 2,2’-bibenzimidazole complexes of ruthenium(II) as sensors for 

small ions have been reported by the group of Ye. 

 

Figure 29. Left: UV/vis electronic absorption spectrum of the three protonation steps of bis(4,4'-di-
tert-butyl-2,2'-bipyridine) (2,2'-bibenzimidazole) ruthenium(II) (right) in acetonitrile solution.

[163]
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The bis(2,2’-bipyridine) ruthenium(II) (2,2’-biimidazole) dication has been employed as 

optical sensor for chloride, bromide, iodide, nitrate, hydrogen sulfate, dihydrogen 

phosphate, and acetate.[164] Experiments were carried out with the hexafluorophosphate 

salt of the complex and tetrabutylammonium salts of the anions in acetonitrile solution. 

With respect to the electronic absorption spectra it was stated that colorimetric sensing 

of the weakly basic anions chloride, bromide, iodide, nitrate, and hydrogen sulfate could 

not be achieved as the predominant visible light absorption features were unaffected by 

the presence of these ions. Also, the slightly more basic anion dihydrogen phosphate 

showed only a weak bathochromic shift, whereas acetate and fluoride induced more 

prominent changes. The latter were discussed in more detail and binding constants 

were calculated according to titration experiments with the respective anion. Although 

theoretical calculations were performed in order to support a 1:1 receptor ion binding 

with acetate (Scheme 18, left), subsequent studies draw a reasonable doubt on this 

model. One reason for the inaccuracy of the calculations is the negligence of a solvent 

matrix, whereas the solvatization energies for individual components naturally depict a 

crucial factor on the stability of a hydrogen bond framework. Furthermore, the reported 

absorption shift towards an MLCT absorption maximum at λ = 510 nm is characteristic 

for a mono-deprotonated species.[155] The strong basicity of the fluoride ion eventually 

leads to full deprotonation as characterized by 1H-NMR and UV/vis absorption 

spectroscopy. This is rationalized in particular due to the formation of the hydrogen 

difluoride ion HF2
- which is thermodynamically favored in non-protic organic solvents 

such as acetonitrile. The latter has further been characterized via elucidation of single 

crystals through X-ray diffraction, revealing another crucial feature of 2,2’-biimidazole 

complexes, that is dimerization through double complementary hydrogen bonds 

(Scheme 18, right).[156] 

 

Scheme 18. Competing mechanisms for hydrogen bonding by a mono-protonated ruthenium 
2,2'-biimidazole complexes as reportet by ref. 95; acetic acid binding (left) versus dimerization 

(right). 
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The moderately basic dihydrogen phosphate ion has been investigated in detail and it 

has been postulated that hydrogen bonds are established upon addition of one 

equivalent to an acetonitrile solution of the receptor. Again, these results remain 

controversial with respect to the shape and position of the reported MLCT absorption 

with a maximum at λ = 507 nm. 1H-NMR spectroscopy has additionally been employed 

in order to characterize the interaction with basic anions and notably the N-H proton 

was not observed, supporting the assumption that deprotonation was predominant. 

Unfortunately hydrogen bonds with the weakly basic ions were not reported in this 

paper. In a subsequent study Ye and coworkers further employed the 

bis(2,2’-bipyridine) ruthenium (2,2’-bibenzimidazole) dication.[165] Again only a weak 

response to the interaction with the weakly basic anions chloride, bromide, iodide, 

nitrate, and hydrogen sulfate was observed by a slight increase of the MLCT absorption 

intensity. Upon addition of the basic anions fluoride and acetate a gradual bathochromic 

shift of the absorption was reported for which initial hydrogen bonding was postulated. 

This was supported by single-crystal solid-state structures of the acetate and the 

trichloroacetate adducts, both showing the latter being bound to the complexes via 

complementary hydrogen bonds (Figure 30). However, the authors stated that in 

solution the observed spectroscopic changes match the ones observed upon addition of 

sodium hydroxide which generally supports the assumption that deprotonation is 

predominant over hydrogen bonding in solution. 

 

Figure 30. Solid-state structures from ref. 100 showing hydrogen-bonded ion pairs from 
bis(2,2'-bipyridine) (2,2'-bibenzimidazole) ruthenium with acetate (left) and trichloroacetate (right); 
ball-and-stick depiction, hydrogen bonds indicated by black dotted lines, solvent molecules and 

additional anions omitted for clarity. 
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Two alternative strategies for the investigation of the hydrogen bonded 

2,2'-bibenzimidazole – acetate hydrogen bond complex were hence employed, that is 

(a) the addition of excess acetic acid in order to suppress deprotonation and 

subsequent addition of acetate, and (b) addition of acetic acid to the mono-

deprotonated complex.[166,167] Both methods revealed a new species with an MLCT 

absorption maximum at λ = 491 nm which had not been seen before and deviates 

significantly from the previously postulated ones. 

For both the 2,2’-biimidazole and 2,2’-bibenzimdazole complex it was reported that the 

3MLCT emission was quenched upon addition of the basic anions, which is in 

agreement with the luminescence quenching observed upon deprotonation. In the case 

of the weakly basic anions emission spectroscopy had only been reported for the 

2,2'-biimidazole complex, for which no significant influence had been shown.[156] 

A further development of the approach was reported by the formation of a small binding 

pocket as characterized either by two methyl groups or nitro groups adjacent to the 

amine functions, that is in the 4,4’-positions of 2,2'-bibenzimidazole (Scheme 19).[158,168] 

The observations were quite similar to the previously reported ones as addition of basic 

anions would cause stepwise deprotonation of the complexes, whereas the colorimetric 

response towards weakly basic ions was negligible. However, 1H-NMR spectra showing 

the N-H proton at the low-field end of the spectra unambiguously indicated that indeed 

hydrogen bonds would be established although the interaction seemed optically silent. 

With respect to the continuous shift observed for the halides, it was concluded that 

hydrogen bonds decrease with increasing atomic number among the halides.   

 

Scheme 19. Development of sterically confined ruthenium 2,2'-bibenzimidazole hydrogen bond 
receptors developed by Ye and co-workers. 
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Although the nitro-groups were shown to partake and potentially assist the hydrogen 

bond framework as shown by a single crystal solid-state structure obtained from the 

respective chloride salt, a major disadvantage of this sensor is the complete loss of 

luminescence. The methyl substitution, in contrast, was shown to be strongly 

luminescent and for the first time, luminescence increase between 20-40% was 

reported due to hydrogen bonding of weakly basic anions for this complex. Most 

significantly, the emission increase in the presence of chloride, bromide, and iodide was 

observed exclusively with the dimethylated complex in contrast to either the 

unsubstituted 2,2'-biimidazole or 2,2'-bibenzimidazole complexes. Hereby an important 

indication was given that the spatial restriction of the binding site through substitution is a 

potent strategy in order to use ruthenium(II) 2,2'-bibenzimidazole complexes as sensors 

for weakly basic anions through luminescence. Table 4 summarizes the association 

constants and luminescence increase values reported by the group of Ye.[158,164,166,168] 

Table 4. Association constants K and emission intensity increase of ruthenium 2,2'-bibenzimidazole 
complexes reported by Ye et al. (error margins have not been reported in detail)

[158,164,166,168]
 

Anion 
K (M-1) acc. to 1H-NMR in MeCN-d3 (luminescence increase) 

(bpy)2Ru(BBIH2) (bpy)2Ru(tmBBINO2H2) (bpy)2Ru(dmBBIH2) 

Cl- --- (---) 21053 (---) 20396 (35-40%) 

Br- --- (---) 17767 (---) 18113 (35-40%) 

I- --- (---) 4472 (---) 18682 (35-40%) 

NO3
- --- (---) --- 20988 (35-40%) 

HSO4
- 11209 (33%) --- 17146 (20%) 

 

The results reported by Ye et al. show that derivatization of 2,2’-bibenzimidazole based 

ruthenium(II) chromophores in the 4,4’-positions is a feasible strategy in order to 

improve the sensitivity of photophysical features to the interaction with weakly basic 

anions via hydrogen bonding. It should be pointed out that the reported binding 

constants exceed the values reported by Beer et al. on 2,2’-bipyridine based receptors 

by 2-3 orders of magnitude. It is hence appealing to further elucidate the potential of 

2,2’-bibenzimidazole based receptors for the optical recognition of weakly basic anions. 

An alternative application for bibenzimidazole ruthenium(II) receptors was reported by 

Rau et al. who used the fully deprotonated neutral bis(4,4’-di-tert-butyl-2,2’-bipyridine) 

ruthenium(II) 2,2’-bibenzimidazolate complex as cation receptor.[169] As has been 

discussed, the MLCT absorption of this complex is broadly shifted across the visible 

light regime with a maximum at about λ = 550 nm. The peripheral formal amide nitrogen 

atoms are negatively charged strong Lewis bases and hence ready to bind Lewis acids 

such as metal cations. Such binding withdraws electron density from the 

2,2'-bibenzimidazolate which would in turn reduce its σ-donor strength and increase its 
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π-acceptor strength towards the ruthenium center. Accordingly, this receptor was 

reacted with the Lewis acids zinc(II), copper(I), magnesium(II), nickel(II), cobalt(II), and 

palladium(II). In all cases, binding of the respective metal center was indeed recognized 

by a colorimetric response that is a shift of the absorption maximum towards between 

510-530 nm. Concomitantly, an emission response was detected for the non-oxidative 

ions Mg2+, Cu+, and Zn2+ (Scheme 20). That is, in contrast to the non-emissive 

2,2'-bibenzimidazolate precursor, luminescence was detected with distinct characteristic 

intensity maxima between 640-710 nm. In this case, the distinct photophysical signals 

attributed to either species provide a potent handle for cation sensing with both means 

of detection and discrimination between different 3d metal centers. 

 

Scheme 20. Cation sensing with a 2,2'-bibenzimidazolato ruthenium complex due to reduced σ-
donor strength towards ruthenium upon second metal binding; Mg

2+
, Cu

+
, and Zn

2+
 additionally 

recover emission. 

These results emphasize the advantage of 2,2’-bibenzimidazole as a receptor with 

short distance and electronic coupling between its second-sphere binding site and the 

chromophore center. 

It is a drawback, however, that all probed cations were detected in a similar way without 

a distinct discrimination. Furthermore rather strict conditions in terms of water and 

oxygen exclusion are required in order to prevent protonation of the receptor or 

oxidative quenching of the luminescence. An alternative receptor strategy to overcome 

these disadvantages is hence presented in the following paragraph. 
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2.4.3. Cation binding with N,N’-Diaryl-1,4-diazabutadienes 

An alternative binding motif to be used for cation binding is the 1,4-diazabutadiene 

ligand sphere. The 1,4-Diazabutadiene framework is a widely used ligand sphere for 

transition metal complexes which are often employed in catalytic applications.[170–173] 

Particularly interesting ligands are such exhibiting an extended polyaromatic 

backbone[174–177] as they present striking visible light absorption features.[178] The latter 

phenomenon has generally been ascribed to an intramolecular charge transfer process 

from electron rich aryl substituents to the electron deficient 1,4-diazabutadiene. As has 

been discussed in section 2.3.2 charge transfer processes can be employed for optical 

sensing through binding of a substrate to either the electron donating or accepting 

molecular moiety. Another aspect for the potentially discriminative ion recognition 

properties of these systems is indicated in recent literature on N,N’-diaryl-1,4-

diazabutadiene ligands with a polyaromatic backbone attached to the C2-C3 positions. 

Presumably due to the synthetic mechanism and steric pressure between the backbone 

and the aryl substituents an E,Z-configuration of the imine double bonds is established 

(Scheme 21). Subsequently, one aryl substituent prevents coordination of a metal ion to 

the diimine coordination sphere. Besides an electronic selectivity in terms of Lewis acid 

base complementation the steric pressure of the substituents provides an additional set 

screw for the tuning of second-sphere ion binding. Another important feature of the 

latter is that this ligand framework may be considered non-innocent as radical anionic 

states can be stabilized.  

 

Scheme 21. Left: molecular scaffold of N,N'-diaryl-1,4-diazabutadieene featuring a polyaromatic 
backbone and bound to a metal ion, orange circles highlight the steric demand of aryl substituents; 

right: accoring to literature the N,N-binding sphere can be blocked by aryl substituents via C=N 
double bond isomerization. 
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Scheme 22. Example for metal ion binding via redox-coupled C=N double bond isomerization of a 
phenanthrene-N,N'-diaryl-1,4-diazadiene ligand.

[179]
 

For example, coordination of Cr(II) to a 1,4-diazabutadiene derivative of phenanthrene 

was reported to yield the respective Cr(III) complex coordinated by the singly reduced 

radical anionic ligand (Scheme 22).[179] This general property makes this class of 

ligands particularly interesting for catalytic processes with intermediate radical states of 

either the substrate or the catalyst. The general affinity towards 3d metal ions makes 

1,4-diazabutadiene further attractive for the recognition and sensing[117], whereas the 

redox activity provides an additional handle in order to discriminate between metal 

centers with generally comparable properties such as d-electron configuration or charge 

to radius ratio. Due to the lack of luminescent second-sphere receptors via a 

1,4-diazabutadiene scaffold this potential application remains yet rather underexplored. 

Although the respective coordination chemistry with transition metal ions is 

well-established in literature, only few cation sensors have been developed based on 

this motif. One of the rare reports on 3d metal sensing describes the selective binding 

of Cu(II) ions amongst a wide variety of main group and transition metal group ions, and 

subsequent luminescence quenching of an organic 1,4-diazabutadiene receptor in 

acetonitrile/aqueous solution (Scheme 23).[117] 

 

Scheme 23. Postulated structure of a N,N'-diaryl-1,4-diazabutadiene based optical sensor for Cu
2+

. 
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In analogy to the similar diamide/diimine bridging scaffold of 2,2'-bibenzimidazolate 

complexes and cation recognition chemistry thereof, merging of a distinct comparatively 

harder N,N’-Diaryl-1,4-diazabutadiene ligand sphere to a α-diimine coordination sphere 

for the formation of photoredox active sensing units was appealing. Previous to this 

thesis, however, no such bridging system had been known in literature. 
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3. Scope of the thesis 

The research reported in this thesis comprises three main topics concerned with the 

design of new second-sphere receptor chromophores. Based on previous studies by 

the groups of Rau[146,180], Ye[158,164–166], Siegel[139,140,181], and Wenger[182,183], new potential 

anion receptors are developed featuring the principal 2,2’-bibenzimidazole receptor 

ligand. The particular aspects to be investigated are as follows. 

 Synthesis of 2,2’-bibenzimidazole ligand precursors with aryl and alkenyl 

substitution in the 4,4’-positions 

 Synthesis of bis(2,2’-bipyridine) ruthenium(II) chromophores with 

4,4’-disubstituted 2,2’-bibenzmidazole ligands and further derivatization of the 

latter ligand in the complex 

 Characterization of the second-sphere interaction between the 

2,2’-bibenzimidazole ruthenium(II) chromophores and the halide anions via 

hydrogen bonding in terms of binding affinity and optical response 

 Alteration of the photophysical properties: synthesis of bis(2-phenylpyridine) 

iridium(III) (5,5’,6,6’-tetramethyl-2,2’-bibenzimidazole) as model complex for 

iridium(III)-based luminescence sensors 

 

Figure 31. Schematic representation of studies performed regarding 4,4'-functionalized 2,2'-
bibenzimidazoles; functionalization (grey/orange spheres), elective exo-cis-coordination to 

ruthenium, templated further derivatization (orange spheres, arrows, dotted line), and anion binding 
studies (green sphere). 

 Further coupling of ruthenium(II) and iridium(III) based 2,2’-bibenzimidazole 

chromophores in one dinuclear complex 

 Characterization of the nature and communication between the chromophore 

units via the bibenzimidazolate bridge 
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Figure 32. Connecting ruthenium(II) and iridium(III) via 2,2'-bibenzimidazolate as bridging ligand; 
investigation of combined photophysics. 

In a related study for the development of a second-sphere cation receptor, the 

extension of 1,10-phenanthroline scaffold to bind a photoactive unit as well as cationic 

transition metal substrates was envisaged. Investigation of this novel receptor involves 

the following studies. 

 Development of novel cation receptors based on 1,10-phenanthroline with a 

second binding site introduced in the 5,6-positions 

 Regioselective coordination to an iridium(III) chromophore precursor 

 Characterization of electrochemical and photophysical properties for the new 

ligand and its first complexes 

 Second-sphere cation binding studies with transition metal ions and 

characterization of the photophysical response 

 

Figure 33. Investigations regarding a novel 1,10-phenanthroline based receptor involve synthesis 
and characterization of the ligand, integration into a chromophore via complexation and metal 

sensing studies. 

  



 

 

 
50 

 

Results and Discussion 

4. Results and Discussion 

4.1. General synthetic approaches towards sterically well-defined 

2,2’-bibenzimidazoles 

In the first part of this work, the functionalization of 2,2’-bibenzimidazoles as sterically 

defined ligands was attempted. For this purpose the methods and materials reported by 

the group of Siegel have been adapted.[139,184] That is, 1,1’-di(tert-butyloxycarbonyl) 

protected 4,4’-dibromo-6,6’-dimethyl-2,2’-bibenzimdazole was synthesized as 

well-soluble precursor for a Negishi cross coupling reaction (Scheme 24). The starting 

compound 4-methyl-2-nitroaniline is functionalized with elemental bromine to yield 

2-bromo-4-methyl-6-nitroaniline which is subsequently reduced with tin(II) chloride to 

the air-sensitive diamine. Coupling to form the 2,2’-bibenzimidazole is performed 

through condensation with the C2 building block methyl 2,2,2-trichloracetimidate. The 

latter reaction is activated with little hydrochloric acid and proceeds upon subsequent 

addition of base over two days. Protection of the imidazole amine functions with either 

one tert-butyloxycarbonyl group (boc) is performed through deprotonation with sodium 

hydride and subsequent treatment with the protecting group dimer. The obtained 

product could be purified via precipitation from a solution in n-hexane/dichloromethane 

upon reduction of the volatile solvent. Derivatives of 2,2’-bibenzimidazole are known for 

their poor solubility and the introduction of the protecting group is hence crucial in order 

to provide a well-soluble precursor for the cross coupling reaction. 

 

Scheme 24. Synthesis of soluble boc-protected 2,2'-bibenzimidazole derivatives with 4,4'-dibromo 
functionalization of palladium(0) catalyzed cross-coupling reactions, according to Siegel et al. 
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Cross coupling reactions were performed according to literature with 

4-methoxyphenylbromide and 2,6-dimethyl-4-methoxyphenylbromide and the obtained 

yields were in good agreement with the reported values. The procedure could also be 

applied to introduce a protected carboxylic acid moiety[185], and a microwave-activated 

procedure for the facile synthesis of alkyne derivatives through Sonogashira cross 

coupling has also been established (Scheme 25, for experimental details on the 

Sonogashira coupling conditions see paragraph 1).[181]  

 

Scheme 25. Synthetic map of the ligands developed in this thesis; ligands L1 and L2 (bottom left) 
were developed according to Siegel et al.; Sonogashira coupling was additionally developed (top 

middle), as well as a potential carboxylic acid precursor (bottom right); the 4,4’-unsubstituted 
ligand L0 was synthesized according to literature.

[186]
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4.2. Metal-templated synthesis of a macrocyclic optical device 

Macrocyclic ruthenium chromophores for supramolecular photochemistry and molecular 

machines have been presented during the past decades.[187–196] The charm of 

chromophores with a macrocyclic cavity on the one hand is the formation of a defined 

cavity for guest molecules. This has been employed in chemical sensing for both 

cations and anions.[48,123,130–132] Oligo-ether chains provide additional interaction with 

hard Lewis acidic cations, in particular alkali and earth alkali metal ions and have been 

employed for cation sensing. On the other hand macrocyclic cavities allow the threading 

of separate molecular scaffolds which can be mechanically locked subsequently. Such 

scaffolds, namely catenanes in case of chain-like interlocked macrocycles, or rotaxanes 

in the case of a molecular dumbbell are interesting supramolecular structures as they 

allow a certain degree of motional freedom between their compartments while 

prohibiting disassembly.[197] Due to significant synthetic progress in this area, in 

particular due to the work reported by Sauvage and co-workers during the past 

decades, many structures including ruthenium(II) complexes are known to date.[187–190] 

Interestingly, there has been a lack of macrocyclic chromophores which can be 

switched according to processes occurring within the cavity and vice versa. That is, a 

ruthenium complex would either contain a supramolecular recognition/switch 

functionality or macrocyclic geometry for interlocking. Within the scope of this thesis it 

was envisaged to synthesize a macrocyclic ruthenium(II) chromophore which would 

bear a switchable functionality directly within the macrocycle (Figure 34).  

For this purpose the complex [(tbbpy)2Ru(dmBBIAnisH2)](PF6)2 (Ru-K1) was synthesized 

from the boc-protected ligand precursor L1 and [(tbbpy)2Ru(Cl)2]. 

 

Figure 34. Schematic representation of a macrocyclic 2,2'-bibenzimidazole ruthenium(II) 
chromophore; hydrogen bonding, deprotonation, or metal bonding within the macrocycle allows 

versatile switching of photophysical properties of the complex in terms of visible-light absorption 
or emission. 
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Scheme 26. Ruthenium acts as a template for the formation of a macrocycle due to the exo-cis 
orientation of the sterically demanding anisyl substituents. 

For the complete in situ deprotection of the ligand precursor little formic acid was 

added, and the procedure yielded the target complex in moderate yields. As envisaged, 

only the cis-substituted complex was obtained, showing that in contrast to previous 

studies by Walther et al. aryl substitution provides sufficient steric demand to prevent 

the formation of isomers with one or two of the anisyl groups oriented towards the 

bis(2,2'-bipyridine) ruthenium(II) moiety (Scheme 26). 

Synthesis of the diole [(tbbpy)2Ru(dmBBIphOHH2)](PF6)2 Ru-K1’ was performed using 

excess boron tribromide in dichloromethane solution and yielded the complex in almost 

stoichiometric yield. The disappearance of the methoxy peak in the 1H-NMR spectrum 

unambiguously showed the formation of the desired product. For the synthesis of the 

macrocycle the technique presented by Sauvage and Dietrich-Buchecker was 

employed and 1,14-diiodo-3,6,9,12-tetraoxatetradecane was chosen as genuine chain 

fragment.[190] In order to have a high probability of macrocycle formation subsequent to 

binding of the oligo ether to the first alcoholate and to prevent polymerization, both 

components were combined in a 1:1 stoichiometry in DMF and added dropwise within 

10-48 hours (depending on the amount of complex to be synthesized) to a suspension 

of Cs2CO3 in a large volume of DMF at 60°C. The idea is for the reaction to proceed in 

high dilution.[189,198] Activation of the reactants occurs just at elevated temperatures and 

in the presence of the base due to deprotonation of the alcohol in the highly diluted 

DMF solution. Using this approach the desired macrocyclic complex 

[(tbbpy)2Ru(dmBBIPEGH2)](PF6)2 was obtained in a rather good yield of 55%. Formation 

of the complex was confirmed via mass spectrometry showing both peaks of the fully 

protonated and mono deprotonated cations, and via NMR spectroscopy with respect to 

characteristic signals of the crown ether moiety (Figure 35). 
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Figure 35. Top: Schematic representation of Ru-K1 (black) and Ru-K1'' (black and brown); bottom: 
aromatic and ether signals in the 

1
H-NMR spectra of Ru-K1 (top) and Ru-K1'' (bottom) in 

dichloromethane-d2. 

The influence of the introduced substitution patterns on the supramolecular 

photophysical properties of the complexes Ru-K1, Ru-K1’, and Ru-K1’’ were 

investigated in order to verify that the versatile properties as optical switch were 

retained and that supramolecular recognition within the cavity was indeed feasible, that 

is first of all the principle optical properties as compared to the literature known 

congeners. UV/Vis absorption and emission spectroscopy of the obtained complexes 

revealed that all three complexes show the expected absorption behavior in the visible 

range, suggesting that the geometric substitution can be treated separate from the 

principle electronic situation of the chromophore. Merely the emission intensity of 

Ru-K1’ was found to be decreased as compared to Ru-K1 and Ru-K1’’. With respect to 

the results published by Wenger et al. on intramolecular proton coupled electron 

transfer processes it is reasonable to assume that the emission of Ru-K1’ is quenched 

through charge transfer from the phenol substituents, which remains a subject of further 

investigation.[199] 
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Figure 36. UV/Vis and absorption spectra of Ru-K1'' in methanol; dashed: fully protonated (upon 
addition of aqueous HPF6); solid: mono-deprotonated (pure methanol); dotted: fully deprotonated 

(upon addition of aqueous NaOH). 

Further investigation of the mono deprotonated complexes exhibited identical behavior 

for all complexes, i.e. a shift of the MLCT absorption maximum to about 505 nm, and 

concomitant drop of the red-shifted emission at 695 nm. Upon full deprotonation with 

sodium hydroxide the MLCT absorption maximum of Ru-K1 and Ru-K1’’ was shifted 

further to about 545 nm accompanied by a complete quenching of the emission (cp. 

Figure 36). This behavior has likewise be observed for Ru-K1’, though it should be 

noted that the absorption band maximum is slightly broadened and shifted towards 

smaller wavelength. In this regard it should be noted that the protonation state of the 

hydroxyl functions under the given conditions remains undefined. Further investigations 

have hence been restricted to Ru-K1 and Ru- K1’’. 

Subsequent to the characterization of the steady-state photophysical proton switch 

function of Ru-K1 and Ru-K1’’ the respective pKa values were investigated through 

UV/Vis titration a methanol/aqueous Britton Robinson buffer solution (50/50 v/v). This 

particular puffer provides an almost perfectly linear dependence of the pH on the 

volume of base added, which was used to measure the transition from the fully 

protonated to the mono deprotonated complex with respect to the solvent pH. The fully 

deprotonated complexes could not be detected with this method as the respective 

charge neutral complexes precipitated from the solution. The obtained pKa values are 

5.64±0.14 and 6.06±0.16 which is rather close within the experimental error and does 

further not deviate noticeably with respect to related complexes in 

literature.[146,156,166,168,200] 
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Regarding supramolecular recognition and binding events in the macrocyclic pocket 

generated, two further functions characteristic to 2,2'-bibenzimidazole ruthenium(II) 

complexes were investigated, i.e. the binding of hydrogen bond acceptors by the 

protonated complex and the cation driven light switch effect with its deprotonated form. 

Any attempt to provide full structural information in terms of a solid-state structure of 

Ru-K1’’ remained unsuccessful, unfortunately. However, it appeared feasible to obtain 

single-crystalline samples of Ru-K1 upon slow evaporation of a solution of the complex 

in ethyl acetate containing traces of propane-2-ol and water. The latter appeared 

essential for the crystallization process as they established the expected hydrogen 

bond framework with the H-bond donating diamine functions of Ru-K1 (Figure 37). 

 

Figure 37. Solid-state structure of Ru-K1; left: ball-and-stick representation of Ru-K1, water and 
propane-2-ol forming a hydrogen bond framework (hydrogen bonds indicated by black dotted lines, 

counter ions and terminal hydrogen atoms omitted for clarity); right: schematic representation of 
the above molecular structure including angles characterizing the distortion of the 

2,2'-bibenzimidazole geometry upon coordination to ruthenium. 

The overall geometry of the bis(2,2'-bypyridine) ruthenium 2,2'-bibenzimidazole 

framework compares well with literature known structures. N-Ru distances and N-Ru-N 

angles for the ancillary ligands are in the usual range. The 2,2'-bibenzimidazole is 

slightly bent towards the metal center in order to decrease the bite angle and Ru-N 

distances. This effect is well known for 2,2'-biimidazole and 2,2'-bibenzimidazole 

ruthenium(II) complexes and subsequently the peripheral diamine scaffold adopts a 

slightly larger angle than would be expected. Subsequently, the anisyl substituents 

deviate from the predicted parallel arrangement and adopt an opening angle of 14.3°. 

With respect to the solid-state structures obtained for unsubstituted 2,2'-

bibenzimidazole complexes it is remarkable that despite the increased distance of the 

N-H donors, only one H-bond acceptor atom, namely the oxygen atom of the water 
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molecule is bound. This indicates a confining effect of the substitution pattern on the H-

bond host cavity. This is in agreement with the twist of the substituents which are 

sufficiently in plane with the 2,2’-bibenzimidazole framework to create a dense packing 

with the water molecule. 

Complexes Ru-K1 and Ru-K1’’ were further investigated as cation sensors, that is, the 

deprotonated non-luminescent complexes were synthesized through deprotonation with 

sodium hydride in tetrahydrofuran solution and subsequently treated with a solution of 

zinc(II) chloride. Both complexes show again identical behavior that is a hypsochromic 

shift in the presence of the zinc ion and appearance of weak luminescence at about 

690 nm. The so-called cation driven light switch effect reported by Rau and Walther is 

hence retained upon introduction of the presented substitution patterns (Figure 38).[169] 

 

Figure 38. Cation-driven light switch according to ref. 129; left: UV/Vis absorption spectra of Ru-K1'' 
(black), upon full deprotonation (blue), and upon addition of excess zinc(II) (red); dotted lines show 

the emission spectra of the respective states; right: schematic representation of the proposed 
complex referring to the red spectrum. 

In conclusion this study shows that the synthesis of selectively exo-cis-4,4’-disubstituted 

2,2’-bibenzimidazoles is feasible with the respective ligand L1 which has been 

synthesized according to the procedure reported by Siegel et al. Further derivatization 

of the 2,2'-bibenzimidazole ligand into an oligoether macrocycle was successful through 

the high dilution techniques reported by Sauvage and Dietrich-Buchecker. It has been 

shown that the optical switching properties of the 2,2’-bibenzimidazole, that is visible 

protonation state dependent changes of the absorption and emission, and the cation 

driven light switch effect, are retained upon functionalization. In this regard, phenyl 

ether functionalized complexes Ru-K1 and Ru-K1’’ exhibit almost identical behavior 

suggesting comparatively minor influence of the peripheral substitution pattern on the 

electronic situation of the metal complex. 
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A solid-state structure obtained for Ru-K1 further reveals the formation of a hydrogen 

bond framework between the complex and the solvent molecules water and 

propane-2-ol. The presented synthetic strategy is hence a feasible approach towards 

sterically confined photochemical devices for supramolecular recognition and switching.  
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4.3. Anion sensing with sterically confined 2,2’-bibenzimidazole ruthenium(II) 

complexes 

In this study the effect of steric confinement was investigated in more detail. Ligands L1 

and L2 have the same principle structure of the 4,4-di-para-anisyl-2,2’-bibenzimidazole 

which has been shown to be a feasible ligand for the selective synthesis of an exo-cis-

functionalized ruthenium(II) chromophore. Ligand L2 however has additional methyl 

substituents at the anisyl moieties in ortho position with respect to the 

2,2’-bibenzimidazole backbone which effectively inhibit free rotation. In the previous 

paper it was shown with respect to the solid-state structure of Ru-K1 that the anisyl 

moieties rotate in plane with the ligand and hence reduce the accessible space around 

the diamine H-bond donor cavity. The lack of rotational freedom in the respective 

complex Ru-K2 ([(tbbpy)2Ru(dmBBIdmAnisH2)](PF6)2 from L2 was hence expected to 

have a sensitive consequence on the property of the supramolecular binding properties. 

The literature known unsubstituted complex [(tbbpy)2Ru(tmBBIH2)](PF6) Ru-K0 was 

used for reference measurements. The respective structures are represented in 

Scheme 27. 

 

Scheme 27. Structural representation of complexes Ru-K0, Ru-K1, and Ru-K2 (“Ru” in the figure 
refers to bis(4,4'-di-tert-butyl-2,2'-bipyridine) ruthenium(II) in the latter two structures). 

Ru-K2 was synthesized analogue to the Ru-K1 upon acid catalyzed reaction between 

the boc-protected ligand precursor L2 and the metal precursor (tbbpy)2Ru(Cl)2. The 

1H-NMR spectrum of Ru-K2 (Figure 39) unambiguously shows the formation of the 

exo-cis-disubstituted complex. Two singlets in the aliphatic region refer to two 

symmetrically inequivalent methyl substituents at the anisyl ring in accordance with the 

envisaged rigid C2 symmetric complex.  
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Figure 39. 
1
H-NMR spectrum of Ru-K2 in dichloromethane; splitting of the anisyl signals and 

sharpening of methyl and methoxy signals represent the rotational confinement due to steric 
hindrance of the ortho-methyl groups in the anisyl substituent. 

The two aromatic protons of the anisyl moiety are also characterized by two distinct 

singlets. Strikingly, the methyl signal corresponding to the methoxy groups appears as 

a sharp singlet in contrast to Ru-K1, where the respective signal was broadened, 

presumably due to the rotation of the adjacent phenyl ring. Moreover, in acetonitrile-d3 

solution the N-H protons of the three complexes Ru-K0, Ru-K1, and Ru-K2 are 

represented by a broad singlet at about 11.7 ppm for Ru-K0 and Ru-K1, whereas the 

respective signal of Ru-K2 appears slightly more upfield shifted at about 10.7 ppm. 

High quality structural data were obtained from single crystals grown under different 

conditions. A structure of Ru-K1 additional to previously reported one (for the following 

discussion abbreviated K1-H2O, Figure 40, left) was obtained upon slow evaporation of 

the solvent from a solution with tetrabutylammonium chloride TBACl in acetone/ethyl 

acetate. The obtained structure K1-Cl (Figure 40, right) shows the chloride salt of the 

complex with one chloride anion bound at the diamine sphere of the 

2,2’-bibenzimidazole.  

Crystals of Ru-K2 were grown from either methanol (K2-MeOH, Figure 41, left) or ethyl 

acetate (K2-EtOAc, Figure 41, right) upon slow diffusion of diethyl ether into the 

solution. Both structures show the complex with one respective solvent molecule bound 

to the diamine via hydrogen bonds with one oxygen atom. The 2,2’-bibenzimidazole 

ligand framework shows the typical bending towards the metal centers in all structures, 

but the values are slightly smaller for Ru-K2.  
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Figure 40. Solid-state structures of Ru-K1; left: K1-H2O, featuring hydrogen-bonded water and 

propane-2-ol; right: K1-Cl, featuring hydrogen-bonded chloride and supporting C-H⋯Cl interaction 
from the anisyl substituents; ball-and-stick depictions, hydrogen bonds indicated by black dotted 
lines, counter ions, additional solvent molecules and terminal hydrogen atoms omitted for clarity. 

The substituents in all structures deviate from an ideally parallel arrangement, as has 

been reported for K1-H2O. In both structures of Ru-K1, the anisyl rings adapt an angle 

of about 32° or 34°, respectively, which implies an optimized compromise between 

π-stacking with the 2,2’-bibenzimidazole and gauche repulsion.[201] The effect of the 

steric lock in Ru-K2 in contrast is reflected by torsion angles of about 76° and 74° with 

respect to the ligand scaffold. 

 

Figure 41: Solid-state structures of Ru-K2; left: K2-EtOAc, featuring one hydrogen-bonded molecule 
of ethyl acetate; right: K2-MeOH, featuring one hydrogen-bonded molecule of methanol; 

ball-and-stick depictions, hydrogen bonds indicated by black dotted lines; counter ions, additional 
solvent molecules, and terminal hydrogen atoms omitted for clarity. 
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Figure 42. Schematic representation of characteristic values of the complex geometries determined 
by XRD studies (corresponding to Table 5). 

The orientation of the substituents deviates from an ideally parallel geometry in all 

structures that is in Ru-K1 the opening angle is about 14° with water as H-bond 

acceptor and about 18° for the larger chloride ion. Strikingly, the arrangement of the 

substituents in Ru-K2 is much narrower with only about 5° deviation from a parallel 

orientation. It seems that due to its confined geometry the substituents are pressed 

inwards the H-bond cavity in order to achieve an optimum dense packing. However, 

binding of a one-atomic hydrogen bond acceptor appears to be favored due to the steric 

confinement of the substituents. All characteristic values according to Figure 42 are 

collected in Table 5.  Another crucial aspect concerning the supramolecular chemistry 

of 2,2’-biimidazole complexes is the tendency to form hydrogen bond dimers or 

oligomers depending on the number of 2,2’-biimidazole ligands per metal center. 

Table 5. Geometric values characterizing the peripheral binding pockets of Ru-K1 and Ru-K2 
according to the obtained solid-state structures. 

 K1-H2O K1-Cl K2-EtOAc K2-MeOH 

opening angle 14.4(2)° 18.3(2)° 5.8(2)° 4.7(3)° 

bending angle 13.3(2)° 13.5(2)° 12.7(3)° 10.0(4)° 

torsion angle 
32.2(4)° 
45.4(4)° 

34.5(6) 
76.0(5)° 
78.1(5)° 

73.8(7)° 
74.9(9)° 

H-bond length [Å] 2.80(2) 3.066 2.820(8) 2.82(7) 

centroid distance [Å] 8.967(5) 9.376(9) 8.360(8) 8.25(1) 
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In terms of ion sensing this has been considered a problem as self-association inhibits 

the possibility to interact with a desired substrate.[168] During the investigations 

presented in this paper, crystals from the hydrochloric acid adduct of the deprotected 

ligand L1-HCl were obtained (Figure 43). Contrary to the expectation that the 

introduction of substituents in the 4,4’-positions would effectively inhibit dimerization 

due to steric repulsion, self-association of two protonated HCl adducts is observed in 

terms of complementary hydrogen bonding. Additionally, this self-assembly appears to 

be enforced by π-stacking interactions between the anisyl moieties of one ligand with 

the 2,2’-bibenzimidazole unit of the opposite ligand. From the findings obtained thus far 

it is apparent that this interaction is solely possible due to the rotational freedom of the 

substituents in L1 and subsequently in Ru-K1. Crystals of the single deprotonated 

Ru-K1 could be obtained via two routes, that is ((K1)2 (a), Figure 44, left) targeted 

single deprotonation of the PF6 salt and ((K1)2 (b) Figure 44, right) association with the 

bulky phenyl phosphonate anion. Both structures obtained show the exact same 

self-association pattern as observed for the protonated ligand. These results emphasize 

that the conformational flexibility of the substitution in the 4,4’-positions has a crucial 

impact on dimerization as competitive process opposed to anion binding. With respect 

to the solid-state structures and 1H-NMR data obtained from Ru-K2, dimerization is 

likely inhibited by the steric strain imposed by the methyl groups in ortho position of the 

anisyl moiety. To this end, the well-defined geometry of L2 provides the optimum 

prerequisite for well-defined supramolecular interactions of the respective complex. 

 

Figure 43. Solid-state structure of the protonated ligand L1, showing dimerization through 
complementary hydrogen bonds (black dotted lines) and quadruple π-stacking (red lines); solvent 

molecules and terminal hydrogen atoms have been omitted for clarity. 
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Figure 44. Solid-state structures of the dimers K12 (a) (left) and (b) (right); complementary hydrogen 
bonds are indicated by dotted black lines, p-stacking is indicated by dotted red lines; ball-and-stick 
depiction, either one molecule depicted in grey, solvent molecules, terminal hydrogen atoms, and 

counter-ions are omitted for clarity. 

Supramolecular interactions were investigated in more detail as complexes Ru-K0, 

Ru-K1, and Ru-K2 were tested as optical anion sensors, following the previous reports 

by Ye et al. who employed related 2,2’-biimidazole and 2,2’-bibenzimidazole 

ruthenium(II) chromophores for ion sensing.[158,165,166,168] This study focused on the 

halide ions due to (a) the well-defined increase in size of isoelectronic one-atomic ions 

within the group in order to probe a potential size-exclusion effect imposed by the newly 

formed binding pocket and (b) the versatility of Brønsted basicity between the halides. 

In particular, fluoride is known to act as a strong base, forming the thermodynamically 

favorable hydrogen difluoride ion in organic solvents. Correspondingly, it has been 

reported that fluoride sensing usually leads to significant optical responses by a number 

of sensors based on hydrogen bond donation. The weakly basic halides chloride, 

bromide, and iodide, however, have been reported to induce none or merely weak 

response with the respective sensors, hence posing a major challenge for optical ion 

sensing. In a typical experiment, a 10-5 M solution of either complex was treated 

stepwise with up to 4 equivalents of tetrabutylammonium halide solutions, namely 

fluoride, chloride, bromide, and iodide. Fluoride was shown to rapidly deprotonate all 

three complexes as observed by the appropriate bathochromic absorption shift and 

quenching of emission. Reference experiments were carried out under identical 

conditions with tetrabutylammonium hydroxide. Notably, only for Ru-K1 a slight 

increase in luminescence was observed upon the addition the first half equivalent of 

TBAF. Also, the first deprotonation in acetonitrile leads to a hypsochromic shift of the 

emission of Ru-K0 and Ru-K2 as observed upon deprotonation with either fluoride or 

hydroxide, whereas Ru-K1 would show a red shifted emission as reported previously 

(cp. Figure 45). 
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Figure 45. Effects upon addition of up to 4 equivalents of tetrabutylammonium fluoride in 

acetonitrile solution; left: UV/Vis absorption and emission spectra of Ru-K0; right: emission 
quenching for Ru-K0, Ru-K1, and Ru-K2. 

An interaction of Ru-K0, Ru-K1, and Ru-K2 with chloride, bromide, and iodide, despite 

their weak Brønsted basicity, was observed via 1H-NMR spectroscopy in deuterated 

acetonitrile, where addition of 1 equivalent of the respective TBA salts shows a low-field 

shift and broadening of the N-H signals, the latter effect decreasing with increasing size 

of the anion. For iodide only with Ru-K2 a weak signal was obtained, whereas it 

vanished in the respective spectra of Ru-K0 and Ru-K1 (Figure 46, detailed values may 

be found in Table 6Table 6. Chemical shift values for Ru-K0, Ru-K1, and Ru-K0 

corresponding to Figure 46.). UV-Vis absorption spectroscopy showed a weak 

response by Ru-K1 and Ru-K2 towards chloride and bromide, i.e. a slight broadening 

and decrease of the MLCT absorption band, whereas interaction with Ru-K0 or either 

complex with iodide could not be observed. 

 

Figure 46. N-H signals in the 
1
H-NMR spectra of Ru-K0, Ru-K1, and Ru-K0 upon addition of either 

one equivalent of tetrabutylammonium chloride, bromide, or iodide in acetonitrile-d3 solution. 

Table 6. Chemical shift values for Ru-K0, Ru-K1, and Ru-K0 corresponding to Figure 46. 

NMR shifts 
[ppm] 
10-3 M 

MeCN-d3 

pristine PF6 salt 
+ 1 eq TBACl 

(signal shift Δδ) 
+ 1 eq TBABr 

(signal shift Δδ) 

+ 1 eq 
TBAI (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) 

Ru-K0  + TBAI      Ru-K1  + TBAI            Ru- K2   + TBAI 

 

   + TBABr     +TBABr      +TBABr 

 

   +TBACl     +TBACl      +TBACl 

 

 pristine PF6 complex   pristine PF6 complex    pristine PF6 complex 
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Figure 47. UV/Vis spectra of Ru-K1 and Ru-K2 upon addition of up to 4 equivalents of 
tetrabutylammonium chloride; inlay: enlarged depiction of the MLCT absorption band. 

Emission spectroscopy, however, revealed a significant difference between Ru-K0 and 

the substituted complexes. The latter shows negligible changes in its emission intensity 

upon addition of the halide anions. The emission of the pristine PF6 salts of the 

complexes Ru-K1 and Ru-K2 however is substantially smaller as compared to Ru-K0. 

Moreover, upon binding of chloride and bromide an up to 3-fold increase of the 

luminescence is observed which eventually exceeds the respective luminescence 

intensity of Ru-K0 (Figure 48). A potential model in order to rationalize this 

luminescence based ion sensing behavior is based on the increased rigidity due to 

binding and hence geometric confinement of the sensor. In Ru-K1 and Ru-K2 two 

substituents have been introduced, which in principal allow additional non-radiative 

deactivation pathways for the triplet excited state of the chromophore. Naturally this 

effect is stronger for Ru-K1 as it has been demonstrated that rotation of the anisyl 

substituents occurs whereas in Ru-K2 rotation is inhibited. As can be concluded from 

the solid state structures discussed above, both complexes are sterically relaxed upon 

binding of a hydrogen bond guest in the pincer-shaped cavity of its substituents. 

 

Figure 48. Emission intensity changes upon addition of up to 4 equivalents of tetrabutylammonium 
chloride (left) or bromide (right) to a solution of Ru-K0, Ru-K1, or Ru-K2 in acetonitrile. 
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Figure 49. Functional dimming via formation of a binding pocket in the 4,4'-positions of 
2,2'-bibenzimidazole (R

1
); luminescence intensity hνem is reduced in the 4,4’-disubstituted 

complexes, but significantly enhanced upon binding of weakly basic halides, hν’em. 

In conclusion anion sensing was performed in order to characterize the effect of steric 

confinement in two new 2,2’-bibenzimidazole ruthenium(II) complexes. The detailed 

structural evidence presented shows that rotational freedom can lead to self-

association, whereas the respective confinement creates a frustrated geometry. In both 

new sensor complexes employed in this study, conformational frustration was shown to 

cause a luminescence intensity decrease for the pristine chromophore as compared to 

the unsubstituted reference. In agreement with previous reports by the group of Ye, 

binding of the halide anions through interaction with the receptor ligand was detected 

via NMR, absorption, and emission spectroscopy. The latter revealed that the weakly 

basic ions chloride and bromide lead to an up to threefold increase in luminescence 

intensity of the substituted complexes. Hence, the initial dimming imposed on the 

principal 2,2’-bibenzimidazole ruthenium(II) chromophore unit by means of 

4,4’-disubstitution and formation of a binding pocket is reversed upon binding of the 

weakly basic ions chloride and bromide. This study shows that the formation of a 

binding pocket around the diamine hydrogen bond donor sphere ruthenium(II) 

2,2’-bibenzimidazole receptors is a potent approach in order to sense weakly basic 

anions by means of optical spectroscopy. Interestingly, iodide showed almost no effect 

which may relate to its weak basicity, but may also indicate a size exclusion effect by 

the binding pockets. This detailed aspect remains subject to further investigations.   
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4.4. Second sphere chemistry of a 2,2’-bibenzimidazole iridium(III) 

chromophore 

Aim of this study was the principal translation of the versatile supramolecular 

photochemical functionalities of ruthenium(II) 2,2’-bibenzimidazole complexes onto an 

isostructural iridium(III) chromophore (Scheme 28). Examples of 2,2’-biimidazole 

iridium(III) complexes have been presented previously by the group of Wenger.[183,202] 

As has been shown in the previous studies on ruthenium 2,2’-bibenzimidazole 

complexes, 4,4’,5,5’-tetramethyl-2,2’-bibenzimidazole L0 is a suitable representative of 

the extended class of 2,2’-bibenzimidazole complexes. Accordingly the respective 

iridium chromophore [(ppy)2Ir(tmBBIH2)](PF6) Ir-K0 has been synthesized via binding of 

L0 to the dimeric precursor [(ppy)2Ir]2(μ-Cl)2. The principal structural characterization by 

means of mass spectrometry and NMR spectroscopy confirmed the anticipated 

formation of a cis-bis-cyclometallated octahedral diamagnetic iridium(III) complex with a 

peripheral ortho-diamine moiety. A characteristic signal is given by the two aromatic 

protons of the ligand L0 which point towards the ancillary ligands and appear hence 

upfield shifted to δ = 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 δ = 7.5 ppm. 

The principal photophysical features of iridium(III) chromophores are significantly 

different as compared to related ruthenium(II) complexes (cp. paragraph 2.1.6). 

Accordingly, the presented complex shows intense absorption bands in the UV regime 

which drops significantly at 400 nm and exhibits only weak absorption between 400 nm 

and 500 nm with an extinction coefficient of about 5000 L mol-1 cm-1 at λ = 450 nm. 

(Figure 50). 

 

Scheme 28. Schematic comparison of Ru-K0 and Ir-K0. 
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The acid-base switch of Ir-K0-Hx has been investigated upon addition of either 

hydrochloric acid or hexafluorophosphoric acid to a solution of the double deprotonated 

complex Na-Ir-K0 which has been prepared through complete deprotonation of Ir-K0-H2 

with sodium hydroxide in methanol. The mainly ligand-centered transitions in the UV 

region show virtually no response to the protonation deprotonation event, except for a 

spiky shoulder at about 380 nm which disappears upon deprotonation. With respect to 

the photophysical transitions of [(ppy)2Ir(bpy)]+ it is suggested that this shoulder 

appertains to the ppy  tmBBI LLCT excitation due to the increased electron density on 

the 2,2’-bibenzimidazole ligand upon deprotonation. The weak MLCT absorption 

features in the visible light regime further show only small changes upon deprotonation, 

much in contrast to the vivid optical response of the analogous ruthenium(II) 

complexes. 

The appropriate measurements of the emission features however show a significant 

change upon protonation/deprotonation. In contrast to the ruthenium(II) chromophores, 

the emission of which is stepwise quenched upon deprotonation, all three complexes of 

Ir-K0-Hx (x = 0, 1, 2) are strongly luminescent. That is, the fully deprotonated complex 

exhibits the most intense emission with a maximum at about λ = 494 nm and a shoulder 

at λ = 519 nm which is even noticed by the naked eye as a light green glow in solution 

at ambient light conditions.  

 

Figure 50. UV/Vis absorption and emission spectra of Ir-K0 in its fully protonated (red), mono-
protonated (black), and fully deprotonated (blue) state; inlay: zoom of the direct 

3
MLCT excitation 

range between 400 and 450 nm. 
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Figure 51. Solid-state structure of mono-protonated Ir-K0, featuring a hydrogen bond framework 
including two molecules of water and two molecules of dimethyl sulfoxide; left: ball-and-stick 

depiction, hydrogen bonds indicated by dotted black lines, terminal hydrogen atoms omitted for 
clarity; right: schematic structural representation of the solid-state structure, distortion of the 

2,2’-bibenzimidazole ligand and formal molecular entities of water highlighted. 

The emission maximum of the mono protonated complex is red shifted to λ = 508 nm 

with a second distinct maximum at λ = 548 nm, and an additional weak shoulder at 

about 589 nm. The intensity of this emission is somewhat lower as compared to the 

fully deprotonated complex, that is ~1200 a.u. versus ~1400 a.u. at the respective 

maxima. The fully protonated complex Ir-K0-H2 exhibits an even further red shifted 

emission with only slightly increased intensity, with two maxima at λ = 521 nm, 559 nm, 

and a shoulder at 612 nm. 

Crystals of Ir-K0 were grown upon slow diffusion of water into a DMSO solution of the 

complex. The solid-state structure obtained shows the complex in its mono protonated 

state (Figure 51). As anticipated a hydrogen bond framework is established in the solid 

state including the terminal cis amine/amide function of the complex with two molecules 

of water and two terminal molecules of DMSO. The 2,2’-bibenzimidazole bridged dimer 

[{(ppy)2Ir}2(μ-tmBBI)] (Ir-tmBBI-Ir) has further been synthesized directly from an 

equimolar mixture of the dinuclear precursor iridium complex and the bridging ligand 

under basic conditions. The clean formation of the complex shows that the 

2,2’-bibenzimidazole acts as a bridging unit when coordinated to iridium(III). The rac 

and meso isomers were separated through crystallization and a solid-state structure of 

the latter could be elucidated (Figure 52, left). The photophysical properties resemble 

the mono protonated complex predominantly with the absorption intensity of the MLCT 

transition and the emission intensity about two-fold increased which is in accordance 

with two chromophore units per molecule (Figure 52, right). 
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Figure 52. Left: solid-state structure of Ir-tmBBI-Ir, solvent molecules and hydrogen atoms omitted 
for clarity; right: UV/Vis absorption spectra of Ir-tmBBI-Ir (green) and fully protonated Ir-K0 (red). 

Excited state lifetimes were recorded for Ir-K0-H2, Na-Ir-K0, Ir-tmBBI-Ir, and compared 

to the respective ruthenium(II) complexes in literature, showing comparable lifetimes of 

about 50 ns for all complexes except the fully protonated mononuclear ruthenium 

complex [(tbbpy)2Ru(tmBBIH2)](PF6)2. An intriguing detail about Ir-K0-H2 is the 

appearance of a second, longer lifetime of 329 ns corresponding to a low-energy 

emission at 518 nm and 558 nm, respectively. A more detailed investigation of this 

intriguing photophysical effect remains subject to further studies (Figure 53).  

In summary, it was shown that L0 was successfully coordinated to iridium(III) to yield an 

octahedral chromophore complex. The results suggest an appealing mixture of 

well-known and completely new properties with respect to the ruthenium(II) analogues. 

That is, the principal structure is retained so that a peripheral cis-diamine framework 

can be employed for the assembly of H-bond supramolecular frameworks. 

 

Figure 53. 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. 
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Moreover, the photophysical features of the complex can be manipulated through 

protonation/deprotonation processes. In contrast to analogous ruthenium(II) complexes, 

however, the absorption features of the complexes remain virtually unchanged whereas 

luminescence is not only vividly detectable in all complexes but can even be switched 

and shifted within the visible light regime through changes of the protonation state. The 

principal availability of two interchangeable photocenters with such similar structural 

features eventually displays a powerful tool for purpose committed supramolecular 

photochemistry. Further detailed studies on the sensing application of this new 

second-sphere receptor have been carried out by Sebastian Rommel as part of his PhD 

thesis.  
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4.5. A 2,2’-bibenzimidazole bridged heterodinuclear ruthenium(II)/iridium(III) 

complex – photochemical application 

This study was conducted in order to investigate the potential of the dinuclear 

5,5’,6,6’-tetramethyl-2,2’-bibenzmidazole bridged ruthenium(II)/iridium(III) complex 

(Scheme 29, bottom left). The 2,2’-bibenzimidazole ligand L0 is known to act as a 

bridging ligand when deprotonated and the respective homodinuclear ruthenium(II) and 

iridium(III) complexes have been presented.[138,203,204] Both latter compounds were 

shown to be chromophores best compared with the respective mononuclear mono-

deprotonated complexes in terms of their photophysical properties. A combination of 

the broad visible light absorption of the ruthenium complex with its MLCT absorption 

maximum beyond 500 nm and the highly emissive triplet states of the iridium complex 

hence appeared promising for an application as photosensitizer (PS). To this end, Cai 

and co-workers had recently published the first example of 2,2’-bibenzimidazole 

iridium(III) complexes as PS in the photocatalytic reduction of water via a 

tris(2,2’-bipyridine) cobalt(II) catalyst (cp. Scheme 29, top). 

 

Scheme 29. Top: Schematic representation of the photocatalytic process featuring Ru-tmBBI-Ir: 
upon light excitation, the PS promotes oxidation of the sacrificial donor TEOA and reduction of the 

pre-catalyst [Co(bpy)3]
2+

 to perform proton reduction; bottom: photosensitizers with iridium(III) 
2,2'-bibenzimidazole units employed by Cai et al. for photocatalytic hydrogen generation. 
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Figure 54. Aromatic signals of Ru-tmBBI-Ir in the 
1
H-NMR spectrum; from the down-field shifted 

signals below 6 ppm one a rac:meso ratio of 60:40 can be determined. 

Ruthenium 2,2’-biimidazole complexes, in contrast, have not been reported for a 

catalytic application. With both mononuclear complexes Ru-K0 and Ir-K0 in hand, two 

synthetic strategies towards the dinuclear complex appeared feasible that is the 

coordination of the ruthenium precursor [(tbbpy)Ru(Cl)2] to Ir-K0 or the iridium precursor 

[(ppy)2Ir](μ-Cl)2 to Ru-K0 under basic conditions each. Indeed both routes yielded the 

dinuclear complex [(tbbpy)2Ru(tmBBI)Ir(ppy)2](PF6) Ru-tmBBI-Ir in good yields. The 

complex 1H-NMR spectrum shows a mixture of the rac isomers ΛRuΛIr and ΔRuΔIr, and 

the meso isomers ΛRuΔIr and ΔRuΛIr, as defined by the conformation of the tris-bidentate 

pseudo octahedral metal coordination polyhedral. The isomer ratio could be 

characterized through the aromatic protons of the bridging ligand which appear upfield 

shifted due to shielding by the π-electron system of an ancillary 2-phenylpyridine or 

2,2’-bipyridine ring, respectively.  

It was found that the signals from the meso isomers are slightly downfield shifted with 

respect to the signal corresponding to the rac isomers and hence a rac:meso ratio of 

60:40 was determined (Figure 54). Single crystals were obtained showing a disorder of 

Δ and Λ isomers on the iridium complex. From the occupancy of the respective isomers 

a rac:meso isomer ratio of 3:1 in the solid state was calculated, showing a slight 

preference for the rac isomer in the packing as compared to the solution (Figure 55). 

Whereas the 2,2’-bibenzimidazole ligand is usually bent towards the metal center in 

mononuclear complexes in order to optimize the bite angle and metal-donor bond 

distance versus ligand strain, in the homodinuclear complexes no bending is 

observed.[141] In the obtained structure from the heterodinuclear complex the ligand 

shows a slight preference for binding to the ruthenium complex as characterized by a 

slight bending of 3.89° towards the latter. 
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Figure 55. Solid-state structure of Ru-tmBBI-Ir; left: ball-and-stick representation, counter ion and 
hydrogen atoms omitted for clarity; right: structural representation, the bridging ligand is slightly 

bent towards ruthenium. 

The photophysical characterization shows the anticipated combination of properties 

from the respective homodinuclear complexes, i.e. on the one hand intense absorption 

features of the iridium complex in the UV region accompanied by a broad MLCT 

absorption band in the visible regime with a maximum at λ = 535 nm corresponding to 

the ruthenium complex (Figure 56). Strikingly, the emission features upon excitation at 

λ = 358 nm show a dual emission, namely two distinct emission bands with maxima at 

λ = 520 nm and λ = 700 nm, corresponding to the separate chromophore moieties. 

Regarding this unusual mixture of photophysical phenomena, it should be noted that 

purity of the investigated compounds was ensured by multiple purification through size 

exclusion chromatography and recrystallization to yield a crystalline product as 

characterized by XRD studies (vide supra). 

 

Figure 56. UV/Vis absorption (pink) and emission spectra (green, upon excitation at λ = 358 nm, red: 
upon excitation at λ = 535 nm) of Ru-tmBBI-Ir in chloroform solution. 
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Table 7. General absorption and emission features characterized by the respective spectral band 
maxima and emission lifetimes. 

Complex 
λmax [nm] 

solvent absorption emission lifetime [ns] 

Ir(tmBBI)Ru 
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 

a
 air equilibrated; 

b
 determined in the spectral interval 510-580 nm, 

c
 determined in the spectral 

interval 590-660 nm, respectively 

Excitation of the exclusively ruthenium centered MLCT absorption at λ = 535 nm in 

contrast only leads to comparatively weaker appearance of the ruthenium type emission 

at λ = 700 nm. It should be noted that the emission intensity of the iridium moiety 

exhibits only 3% as compared to the mononuclear subunit. These observations indicate 

a strong but incomplete energy transfer to the ruthenium subunit, which itself is known 

to be a poor emitter, with respect to both the mononuclear mono deprotonated, and the 

homodinuclear complex. Time-resolved measurements show that the excited-state 

lifetime of the iridium complexes compare well to both the mononuclear and the 

homodinuclear complexes previously reported. It should be noted that the lifetimes 

observed in acetonitrile were significantly shorter as compared to chloroform, showing 

considerable sensitivity towards the solvent polarity (Table 7). Cyclic voltammetry 

measurements show a number of well-resolved reduction and oxidation steps (Figure 

57).  

 

Figure 57. Cyclic voltammograms of Ru-BBI-Ir (red) and the fully protonated complexes Ir-K0 
(dotted black) and Ru-K0 (dotted blue) in dry acetonitrile using 0.1 M TBAPF6 as supporting 

electrolyte at a scan rate of 100 mV/s; concentration of the complexes was 1 mM. 
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Table 8. Redox potential values corresponding to Figure 57. 

Compound 
E1/2 / V vs. Fc/Fc+ 

oxidations reductions 

Ir-K0 +0.757  -2.075a -2.512a -2.728 2.997 
Ru-K0 +0.571 +0.398a -2.002 -2.183 -2.396  

Ir-tmBBI-Ru +0.707 +0.261 -2.015 -2.277 -2.676  
a
 irreversible process 

The first reduction at -2.015 V compares well with the mononuclear complex and is 

attributed to the one electron reduction of one 2,2’-bipyridine ligand. The well resolved 

electrochemical features of Ru-tmBBI-Ir together with the interesting photophysical 

properties rendered this complex a promising candidate for photocatalytic hydrogen 

production from an aqueous solution. The procedure recently reported by Cai and 

co-workers for related iridium(III) 2,2’-bibenzimidazole chromophores was hence 

adapted, using tris(2,2’-bipyridine) cobalt(II) as the reduction catalyst and 

triethanolamine (TEOA) as sacrificial electron donor (Scheme 29).[205] In contrast to their 

procedure, however, we employed the LED setup established in our group as a light 

source, illuminating the samples with 50 mW and a wavelength of λ = 470 nm.[206] The 

respective mononuclear complexes Ir-K0 and Ru-K0 were also employed as PS in 

parallel measurements. The latter appeared catalytically inactive, whereas for the 

iridium complex moderate hydrogen production was observed with a total turnover 

number of about 100 equivalents of molecular hydrogen after 140 hours of illumination. 

The dinuclear complex Ru-tmBBI-Ir in contrast produced up to 180 equivalents of 

hydrogen, hence displaying significant improvement as compared to the mononuclear 

complex. Notably, the dinuclear complex shows different kinetic progression. That is, 

within the first 20 hours virtually no hydrogen production was observed which displays 

some kind of induction phase, whereas the mononuclear complex started to produce 

hydrogen right away (Figure 58). 

 

Figure 58. Kinetic traces of the photocatalytic hydrogen generation (TON = turn-over-number, 
generated equivalents of hydrogen with respect to the catalyst concentration). 



 

 

 
78 

 

Results and Discussion 

To this end, it should be noted, that deprotonation of the mononuclear iridium(III) 

chromophore under catalytic conditions is probable which would increase both its 

reduction potential and population of triplet-excited states. For the dinuclear complex, 

on the other hand, a significant increase of the iridium based luminescence along with a 

slight decrease of ruthenium based absorption was observed within the induction 

phase. Based on these findings, accumulation of a reduced bis(2,2’-bipyridine) 

ruthenium(II) species is suggested which acts as an electron relay for the subsequent 

reduction of the cobalt catalyst. This mechanism remains, however, subject to further 

detailed investigations. It should also be noted that no remark has yet been made on 

the mechanism of water reduction using the tris(2,2’-bipyridine) cobalt(II) catalyst. This 

pre-catalyst is a 19 VE species, reduction of which would formally yield a d8 complex. 

This species is expected to eject one 2,2’-bipyridine ligand to form a square-planar 

complex which may be suitable for hydride formation. Besides the quenching studies by 

Cai et al., however, there is no evidence for the formation of such a d8 species and the 

mechanism hence remains subject to further investigations. 

In summary, the combination of the analogue ruthenium(II) and iridium(III) 

2,2’-bibenzimidazole chromophores through bridging by the latter ligand was achieved 

via two corresponding synthetic routes. The new chromophore exhibits an appealing 

combination of the photophysical properties of its subunits, suggesting an incomplete 

energy transfer through the bridge. Based on the obtained photophysical and 

electrochemical features Ru-BBI-Ir was successfully employed as photosensitizer for 

photocatalytic hydrogen production from aqueous solution, exhibiting a significantly 

different mechanism in terms of kinetics and improved catalytic performance as 

compared to the analogous mononuclear iridium(III) complex. 
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4.6. A novel heteroditopic ligand for second sphere interactions – binding of 

3d metal cations 

In this study, a novel type of potential bridging ligand for cation recognition was 

envisaged. The respective framework was devised to feature a 2,2’-biypridine type 

ligand for its introduction in 4d and 5d metal based chromophores, and a N,N’-diaryl-

1,4-diazabutadiene type ligand for 3d metal cation binding. For example, nickel(II) or 

chromium(II) are known to form stable complexes with this ligand type, some of which 

have successfully been used as catalysts for olefin polymerization.[171–173,179,207] Despite 

this high affinity of N,N’-diaryl-1,4-diazabutadiene ligands towards 3d metal ions, sensor 

applications of this ligand motif are scarce. 

 

Figure 59. Schematic representation of a desired phenanthroline/N,N’-diaryl-1,4-diazadiene ligand 
for the selective subsequent complexation and of a common transition metal complex 

chromophore and 3d metal catalysts. 

A potential receptor framework featuring the aforementioned components is the 

N5,N6-diaryl-1,10-phenanthroline-5,6-diimine depicted in (Figure 59). It provides a 

peripheral N,N’-diaryl-1,4-diazabutadiene sphere for 3d metal ion binding in close 

proximity to a ortho-diimine sphere suitable for coordination with a 4d or 5d metal based 

chromophore precursor. Electronic communication between the two binding spheres 

should in principle be possible through the extended polyaromatic framework of the 

ligand.  

The proposed ligand scaffold had indeed first been suggested by Kashman and 

coworkers in 1993 as key intermediate for the synthesis of the marine alkaloid 

eilatin[208], however until this study its successful synthesis had not been reported. 

Recently developed analogous ligands based on pyrene and phenanthrene in contrast 

provided a new synthetic strategy which was successfully employed for the respective 

phenanthroline derivative. It should be noted that both coordination spheres of the 

devised bridging ligand are α-diimine type suitable for coordination ruthenium(II) and 

iridium(III).[209,210] Hence, a fundamental aspect of this study was to employ the steric 
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restraint of the latter coordination sphere in order to favor selective coordination of the 

2,2’-bipyridyl moiety of phenanthroline towards a respective chromophore precursor. 

In the aforementioned report by Kashman et al. simple condensation of the common 

organic building block 1,10-phenanthroline-5,6-dione with aniline or its derivatives was 

suggested to yield the desired diimine, but only asymmetric products in the form of a 

blue oils were reported. With respect to recent literature, excess titanium(IV) chloride 

and ortho-methylated anilines were reacted with the dione under basic conditions to 

yield the first derivatives of N5,N6-diarylated 1,10-phenanthroline-5,6-diimine in yields of 

10-20% (Scheme 30). Acidic condensation of phenanthroline with excess aniline merely 

yielded the mono-substituted ketoimine which was isolated as a deep blue powder. 

Analogous ketoimines reported in literature could further be converted into 

asymmetrically N,N-disubstituted diimines in the presence of titanium(IV) chloride and it 

was hence suggested that titanium acts both as a template and oxygen trap in the 

double condensation. 

 

Scheme 30. Reaction scheme for the Schiff-base condensation of 1,10-phenanthroline-5,6-dione 
with substituted anilines (D1: R = 2,6-Me2; D2: 2,4,6-Me3) in the presence of titanium(IV) chloride. 

Strikingly the first two representatives of the novel bridging ligand scaffold that is 

N,N’-bis(2,6-dimethylphenyl)-5,6-diazadienyl-1,10-phenanhtroline (phen(N-o-Xyl)2, D1) 

and N,N’-Bis(2,4,6-trimethylphenyl)-5,6-diazadienyl-1,10-phenanthroline 

(phen(N-Mes)2) D2) were obtained as deep red solids that readily crystallize from ethyl 

acetate or methanol. Although the formation was confirmed through mass spectrometry, 

the respective 1H-NMR spectra were unexpectedly complex which suggested a 

structure of low symmetry. Solid-state structures were elucidated from the crystalline 

material showing that the diaryldiimine framework of both D1 and D2 are arranged in a 

Z,E configuration with respect to the phenanthroline backbone (Figure 60). A couple of 

intramolecular short contacts were characterized indicating steric crowdedness which 

further provides a potential explanation for the synthetic difficulties that were met 

towards this double condensation product. 
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Figure 60. Solid-state structure of D1, ellipsoid depiction, hydrogen atoms omitted for clarity; black 
dotted lines represent intramolecular short contracts indicative for steric stress, indices a-c and 

a'-c' refer to the hydrogen atoms at the respective positions. 

The N-aryl substituents are further placed above or beneath the phenanthroline plane 

with a concomitant twist of the latter, hence causing overall C1 symmetry. In the 

1H-NMR spectra, however, only two methyl signals for D1 and three methyl signals for 

D2 were observed which refers to CS symmetry with a mirror plane through the 

phenanthroline. In accordance with previous studies by Shavyrin and co-workers on 

related phenanthrene based N,N’-diaryl-1,4-diazabutadienes, temperature dependent 

1H-NMR measurements in deuterated DMSO in the temperature range of 300-375 K 

were conducted.[211] Isomerization was observed above 350 K by means of 

coalescence of all signals. Upon cooling however the spectrum reverted into its initial 

form, showing that the E/Z isomer was indeed thermodynamically favored, supposedly 

due to steric repulsion between the aryl substituents and the phenanthroline backbone. 

This is in good agreement with literature.[211] 1H-NMR spectroscopy of the 

mono-substituted ketoimine indeed suggests that the N-aryl substituent is also oriented 

in Z-configuration, i.e. avoiding contact with the phenanthroline. A detailed comparison 

of bond lengths and angles with the respective phenanthrene, pyrene, and 

acenaphthene derivates shows no significant deviations. Importantly, the latter 

compounds have been shown to be potent ligands for the coordination of nickel(II), 

chromium(III), copper(I), and palladium(II), amongst others. However, since the diimine 

coordination sphere appeared sterically blocked, it was hypothesized that sequential 

complexation might be feasible under kinetic reaction control. Primary complexation of 

D1 was hence performed with the iridium dimer [(ppy)2Ir]2(μ-Cl)2 under rather mild 

conditions in refluxing dichloromethane/methanol.  
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Figure 61. Left/middle: solid-state structure of Ir-D1, ellipsoid depiction, hydrogen atoms and 
counter ions omitted for clarity; intramolecular short contacts indicative for steric stress are 

represented by dotted grey lines; right: schematic representation of the Ir-D1. 

Complex formation was confirmed via high resolution mass spectrometry, though it was 

unclear at this point whether the metal center was bound to the phenanthroline or the 

diazabutadiene moiety. The respective 1H-NMR spectrum was too complex to allow 

assignment of the aromatic peaks. The appearance of eight distinct aliphatic signals 

suggested the formation of two complexes with C1 symmetry each, which is generally 

consistent with the formation of a chiral pair of Δ and Λ isomers of the pseudo 

octahedral phenanthroline coordinated complex. XRD analysis of the iridium complex 

eventually confirmed the formation of the anticipated complex with the E,Z-configured 

N,N’-diaryl-diimine sphere intact (Figure 61). Intramolecular short contacts show the 

same steric crowdedness observed in the ligand, but the twist of the phenanthroline is 

less pronounced due to the coordinated iridium(III) ion acting as a pivot atom restraining 

the overall flexibility of the ligand. The absorption properties of Ir-D1 exhibit extended 

visible light absorption features corresponding to both weak intra ligand transitions 

observed for both D1 and D2 plus charge transfer processes from the 

bis(phenylpyridine) iridium(III) moiety to D1 (Figure 62). Weak unstructured 

luminescence was only observed in dichloromethane or de-aerated, water-free 

acetonitrile with a maximum at 582 nm which is slightly shifted with respect to the 

analogous phenanthroline complex, indicating that the luminescence occurs from a 

lowest 3MLCT state of the latter moiety. Cyclic voltammetry in combination with 

spectroelectrochemistry suggest that both D1 and Ir-D1 are irreversibly reduced at 

about -1.0 V (vs. NHE, internal standard Fc/Fc+) which may refer to a metastable 

monoradical species of the terminal diimine (see Table 9).  
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Figure 62. UV/Vis spectra of D1, D2, and Ir-D1 in acetonitrile; pictures of the crystals subjected to X-
ray diffractometry are shown in the inlay. 

Table 9. Redox potential values for D1 and Ir-D1 obtained upon cyclic voltammetry. 

 Ered [V] (vs. NHE) 

D1 -1,21 (c)* -0.94/-0.87 -0.48 (a)* 

Ir-D1 -1.53/-1.45 -0.95/-0.84 -0.56 (c)* 
(c) cathodic reaction only; (a) anodic reaction only; *fully irreversible; CV data obtained from 

1 mM solutions in deaerated acetonitrile with 0.1 M TBAPF6 as supporting electrolyte, scan rate 
50 mV/s, ferrocene as internal standard (Fc/Fc

+
 vs NHE 0.63 V)

[212] 
 

Further investigations have to be performed in order to characterize the availability of 

radical anionic or dianionic diamine derivatives. Cation binding studies were carried out 

in order to test the availability of the second coordination sphere for 3d metals. 

Surprisingly, neither nickel(II) nor zinc(II) reacted with Ir-D1. Copper(I) however induced 

a vivid color change upon addition to the iridium complex in dichloromethane or 

chloroform under inert conditions. The process was monitored via 1H-NMR 

spectroscopy and optical spectroscopy, showing almost complete formation of a C2 

symmetric complex according to the NMR spectrum within 24 hours.  

 

Scheme 31. Binding of copper(I) to Ir-D1; ppy = 2-phenylpyridine; as shown via 
1
H-NMR 

spectroscopy, a C2 symmetric product is formed, indicating isomerization of the 
N,N'-diaryl-1,4-diazabutadiene ligand; binding of copper may form a antiferromagnetically coupled 

copper(II) complex. 
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Figure 63. UV-Vis and emission spectrum of Ir-D1 upon addition of tetrakis acetonitrile copper(I) 
hexafluoridophosphate ("Cu(I)"); a vivid red-shift of absorption and quenching of emission occurs 

within the first 5 minutes. 

The striking color change was characterized in terms of additional visible light 

absorption features of the product complex and concomitant luminescence quenching 

(Figure 63). At this point the mechanism of selectivity remains a matter of speculation, 

but it is suggested that the interaction between Ir-D1 and copper(I) may refer to a redox 

process involving the Cu(I)/Cu(II) pair and the radical anion of D1.[213] This is in 

accordance with related chromium(II) complexes, which were reported to form a 

strongly antiferromagnetically coupled pair of the ligand monoradical anion and a 

chromium(III) center. The respective copper(II) complex would be diamagnetic, which is 

in agreement with the well resolved C2 symmetric 1H-NMR spectrum. However, this 

phenomenology remains subject to further investigations. 

In summary, this study presents the two first derivatives of the novel bridging ligand 

scaffold N5,N6-diaryl-1,10-phenanthroline-5,6-diimine as well as a first iridium(III) 

chromophore complex selectively bound to its 2,2’-bipyridine sphere. Notably, the 

peripheral diimine binding sphere for 3d metal recognition is sterically restrained. The 

obtained electrochemical, photophysical, and 1H-NMR data suggest that this restriction 

implies selectivity towards second metal ion binding, presumably according to the redox 

properties of the latter. 

Further studies on the novel ligand framework as well as the ruthenium(II) complex 

[(tbbpy)2Ru{phen(N-Mes)2}](PF6)2 Ru-D2 have been performed and reported 

elsewhere.[214,215]



 

 

 
85 

 

Conclusion and Outlook 

5. Conclusion and Outlook 

The studies performed within this thesis describe the development of new hetero-ditopic 

ligands for second sphere receptor interactions with luminescent metal complexes. The 

two ligand scaffolds described in this thesis are derivatives of 2,2’-bibenzimidazole and 

N5,N6-diaryl-1,10-phenanthroline-5,6-diimine. The former ligand class is known to bind 

metal ions via the diimine sphere, hence establishing an α-diamine second sphere 

hydrogen bond donor site on the respective complex periphery which can be used to 

bind anions in its protonated state or bind cations in terms of a bridging ligand if 

deprotonated. If bound to a bis(2,2'-bipyridine) ruthenium(II) unit, the visible light 

absorbing properties of the respective chromophore complex depend strongly on the 

protonation state of the ligand and can hence be switched through acid-base 

interactions. However, hydrogen bond interaction with weakly basic anions have been 

difficult to observe due to the weak photophysical response by ruthenium(II) sensors in 

literature. With respect to previous studies by the groups of Ye and Beer and following 

the general procedures reported by Siegel et al. new 2,2’-bibenzimidazoles with 

sterically demanding substituents adjacent to the α-diamine sphere have successfully 

been synthesized in this thesis. Coordination of selected ligands to the appropriate 

ruthenium(II) fragment yielded the respective new chromophores with the substituents 

selectively oriented in exo-cis orientation hence defining a pincer like pocket around the 

peripheral α-diamine sphere (cp. Scheme 32). 

 

Scheme 32. Schematic representation of the synthetic development of new 2,2'-bibenzimidazole 
ruthenium(II) chromophores with defined steric restriction of the second-sphere α-diamine binding 

site due to substitutions in the 4,4'-positions. 
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Anion binding studies with the halide ions have shown different optical responses. 

Whereas interaction with iodide was negligible the interaction with fluoride in acetonitrile 

showed a significant optical response in terms of a bathochromic absorption shift and 

luminesce quenching which is in agreement with a deprotonation model forming the 

thermodynamically favorable hydrogen difluoride ion HF2
- in pure acetonitrile. For the 

weakly basic anions chloride and bromide, however, strong hydrogen binding was 

observed. Moreover, the binding event was recognized by an up to 3-fold increase of 

emission, which is far more than what had previously been reported for 2,2’-biimidazole 

based ruthenium(II) receptors. Comparative measurements with an unsubstituted 

2,2’-bibenzimidazole complex showed almost no optical response, in contrast. It was 

however recognized that the initial emission intensity of the guest-free chromophores 

was significantly quenched upon substitution (cp. Figure 64). 

 

Figure 64. Summary of the emission dimming upon addition of substituents in the 4,4'-positions of 
2,2'-bibenzimidazole ruthenium(II) chromophores and subsequent emission enhancement upon 

binding of chloride (red) or bromide (yellow). 

In accordance with literature it is suggested that the probed substituents induce 

additional vibronic deactivation pathways to the investigated complexes, thus lowering 

the overall efficiency of deactivation through phosphorescence. Detailed structural 

information obtained from a variety of single crystal solid-state structures supports the 

claim, showing that hydrogen bond guest binding rigidifies the geometry of the binding 

pocket formed by the substituents via different mechanisms. Further photophysical 

investigations such as excited state kinetics or resonance Raman scattering from 

excited states are required to provide detailed insight into the mechanism of 

luminescence anion sensing with these complexes. In order to get a handle for further 

fine-tuning of the receptor properties of this type of complexes a macrocyclic geometry 
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has been introduced via metal templated synthesis in high-dilution conditions (cp. 

Figure 65). That is, due to the pre-organized exo-cis coordination of the 2,2’-

bibenzimidazole substituents it was possible to extend this geometry into an oligoether 

macrocycle in only two steps and with moderate yield. With respect to analogous 

sensors presented by Beer and co-workers, it is an interesting journey to develop more 

sophisticated supramolecular sensors based on this chromophore in the future. In this 

particular study it had further been shown that the principal cation binding ability of the 

substituted 2,2’-bibenzimidazole ruthenium(II) chromophores is retained. The respective 

cation-driven light switch effect and optical cation sensing is hence an interesting and 

promising alternative application for the presented systems. 

 

Figure 65.  Schematic representation of a versatile macrocyclic bibenzimidazole ruthenium(II) 
chromophore, the photophysical properties of which can be switched via second-sphere 

interactions within the macrocycle. 

In collaboration with Sebastian Rommel bis(phenylpyridine) iridium(III) had been 

introduced as an alternative chromophore unit. First studies of the 2,2’-bibenzimidazole 

complexes dealt with the analogies and differences with respect to the well-established 

ruthenium(II) chromophores. This complex was shown to be isostructural and 

isoelectronic as compared to its congener and it was found that a familiar hydrogen 

bond framework was established in the solid-state. The photophysical properties are 

fundamentally different though since absorption events occur mainly in the UV regime, 

with only weak absorption tailing off up to λ = 450 nm (Figure 66). Furthermore, it was 

found that the absorption phenomena are rather insignificantly altered with respect to 

the protonation state of the 2,2’-bibenzimidazole ligand. However, in contrast to the 

analogous ruthenium complex, luminescence appears intensely for all three protonation 

states with marked shifts of their intensity and maximum wavelength. Subsequent 

studies have been performed in collaboration with Sebastian Rommel as an integral 

part of his PhD thesis, showing that this new iridium complex can be employed as an 

excellent luminescent anion sensor.  
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Figure 66. Protonation dependent photophysics of 5,5',6,6'-tetramethyl-2,2'-bibenzimidazole 
complexes of a bis(4,4'-di-tert-butyl-2,2'-bipyridine) ruthenium(II) (left) and a bis(phenylpyridine) 
iridium(III) chromophore (right); red: fully protonated complexes; black: mono-protonated; blue: 

fully deprotonated. 

The combination of both iridium(III) and ruthenium(II) chromophores in one 

2,2’-bibenzimidazole-bridged heterodinuclear complex further yielded a complex with 

mixed properties, which was shown to be a suitable photosensitizer for photocatalytic 

hydrogen generation from water. 

A different hetero-ditopic ligand scaffold developed in this thesis is the aforementioned 

N5,N6-diaryl-1,10-phenanthroline-5,6-diimine.The results on this system describe the 

first successful synthetic approach towards this ligand system, combining a 

phenanthroline moiety for coordination to a photoactive metal fragment in close spatial 

proximity with a 1,4-diazabutadiene ligand sphere. The detailed structural 

characterization in both the solid and solution revealed that the latter sphere is sterically 

protected by the N-aryl substituents and subsequently, selective binding to iridium(III) 

through the phenanthroline sphere could be achieved. Binding of a second metal ion to 

the diazabutadiene turned out to discriminate between nickel(II), zinc(II), and copper(I), 

whereas the latter was bound exclusively (Scheme 33).  

 

Scheme 33. Schematic representation of an iridium(III) chromophore with second-sphere receptor 
function for cation binding; Ni

2+
 and Zn

2+
 binding is presumably inhibited due to confinement 

(indicated by orange spheres) of the peripheral binding site due to the E,Z configuration of the 1,4-
diazabutadiene framework. 
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A distinct optical response to second metal binding was obtained in terms of a 

bathochromic shift of absorption and luminescence quenching. Hence, this novel 

bridging ligand exhibits potential for either colorimetric cation sensing or as a bridging 

ligand in general. Detailed results on a related ruthenium(II) chromophore can be found 

in the bachelor thesis of Christian Baur which has been performed under supervision of 

the PhD candidate. 

In summary, new second sphere receptor chromophores have been developed which 

employ the individual photophysical phenomena attributed to bis(2,2’-bipyridine) 

ruthenium(II) diimine or bis(phenylpyridine) iridium(III) diimine complexes. The reported 

complexes show responses through either their light absorption or emission properties 

towards the interaction with anions or cations. Due to the introduction of sterically 

confining substituents to the peripheral binding sites of the receptors, selectivity and 

sensitivity of the investigated binding events could be significantly enhanced. In 

particular, this approach has proven to improve optical detection of the weakly basic 

halide ions chloride and bromide significantly. The structural versatility and modular 

syntheses presented further allows a systematic exchange of bridging ligands and 

chromophores for the construction of more elaborate ion sensors in the future. 

 

Figure 67. New anion sensors based on 2,2'-bibenzimidazole ruthenium(II) chromophores with 
defined binding pockets exhibit strong luminescence enhancement upon binding of with weakly 

basic anions. 
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Figure 68. A vivid color change indicates selective binding of copper(I) among other 3d metal ions 
in the sterically confined binding pocket of the iridium(III) chromophore complex featuring the novel 

N,N'-diaryl-1,4-diazabutadiene bridging ligand. 

Such may, for example, include mechanically interlocked structures following the 

examples reported by the group of Beer, or combine some of the different concepts that 

have been investigated separately in this thesis. Detailed photophysical investigations 

towards the mechanism of ion sensing should be conducted in order to understand the 

mechanism of ion sensing through luminescence. 
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7. Publications 

7.1. Preface 

The full text publications for this thesis can be found in the appendix. The following 

chapters display the title, journal, author list (asterisks: † indicating that two or more 

authors contributed equally to the manuscript; * indicating the corresponding author), 

permission by the publisher, bibliography, abstract, and a short description of the 

individual contribution by the PhD candidate. 

7.2. A Macrocyclic 2,2’-Bibenzimidazole Ruthenium(II) Chromophore as a 

Versatile Building Block for Supramolecular Devices 

Published in: European Journal of Inorganic Chemistry 

Authors: Dieter Sorsche and Sven Rau* 

Copyright: Reproduced by permission of the publisher John Wiley and Sons. 

Bibliography: Eur. J. Inorg. Chem., 2014, 26, 4244-4249, doi:10.1002/ejic.201402609. 

Abstract: We present the synthesis of a macrocyclic ruthenium(II) complex that 

combines the versatile photophysics and supramolecular chemistry of biimidazole 

ruthenium(II) chromophores with a macrocyclic geometry that allows for its introduction 

into mechanically interlocked frameworks. Structural information on the core framework 

was gained from a solid-state structure. The new supramolecular building block shows 

that the principal photophysics of the ruthenium chromophore, that is, the cation-driven 

light-switch effect, are retained during the formation of the macrocycle. 

Contribution: All syntheses and measurements have been performed by the first author, 

preparation of the manuscript was carried out in cooperation with the corresponding 

author. 

7.3. Functional Dimming of Pincer-Shaped Bibenzimidazole-Ruthenium(II) 

Complexes with Improved Anion-Sensitive Luminescence 

Published in: European Journal of Inorganic Chemistry 

Authors: Dieter Sorsche, Sebastian A. Rommel, and Sven Rau* 

Copyright: Reproduced by permission of the publisher John Wiley and Sons. 
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Bibliography: Eur. J. Inorg. Chem., 2016, 10, 1503-1513, doi:10.1002/ejic.201501472. 

Abstract: Three 2,2′-bibenzimidazole-bis(4,4′-di-tert-butyl-2,2′-bipyridine)ruthenium(II) 

complexes are presented and characterized with respect to their photophysical and 

structural properties. 4,4′,5,5′-Tetramethyl-2,2′-bibenzimidazole (L0), 4,4′-di(p-anisyl)-

2,2′-bibenzimidazole (L1), and the 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. Owing to substitution at the 4,4′-positions of the 

bibenzimidazole ligands, complexes K1 and K2 have pincer-like geometries, as shown 

by 1H NMR spectroscopy and XRD studies. The emission intensities of these 

complexes are dimmed compared with that of K0, whereas titration experiments with 

tetrabutylammonium (TBA) salts of fluoride, chloride, bromide, and iodide show strongly 

enhanced sensitivity to hydrogen bonding with chloride and bromide ions, which 

increases the emission intensity to ca. 300 % of the original value, and they eventually 

outperform K0. With regard to the luminescence sensitivities, K1 and K2 set a new 

benchmark among 2,2′-biimidazole ruthenium(II) colorimetric halide sensors. 

Contribution: The first author performed all syntheses, structural and spectroscopic 

measurements of the reported ligands and complexes with assistance by the second 

author. The ion sensing routine was established in cooperation with the second author, 

all titration experiments were carried out by the first author. Discussion of results and 

preparation of the manuscript were carried out in cooperation between the authors. 

7.4. Protonation-Dependent Luminescence of an Iridium(III) Bibenzimidazole 

Chromophore 

Published in: European Journal of Inorganic Chemistry 

Authors: Sebastian A. Rommel, Dieter Sorsche, N. Rockstroh, F.W. Heinemann, J. 

Kübel, M. Wächtler, B. Dietzek and Sven Rau* 

Copyright: Reproduced by permission of the publisher John Wiley and Sons. 

Bibliography: Eur. J. Inorg. Chem., 2015, 22, 3730-3739 , doi:10.1002/ejic.201500234. 

Abstract: 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 
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structures were determined by single-crystal X-ray diffraction analysis and NMR 

spectroscopy, and detailed UV/Vis and emission spectroscopy studies were performed. 

Ir(tmBBI)-Hx shows strong protonation-state-dependent luminescence and is 

luminescent in all three of its protonation states, which allows for protonation-state-

dependent color tuning from the green to blue spectral region. The diastereomeric 

meso and rac forms of the dinuclear Ir(tmBBI)Ir could be separated by fractional 

crystallization and both showed strong luminescence. A comparison with structurally 

related ruthenium complexes showed pronounced differences in their photophysical 

properties. 

Contribution: The second author contributed to the project planning, discussion of 

results, and performed X-ray diffractometry and publication of the respective data. 

Preparation of the manuscript was carried out in cooperation between the authors. 

7.5. Visible-light sensitized photocatalytic hydrogen generation using a dual 

emissive heterodinuclear cyclometalated iridium(III)/ruthenium(II) 

complex 

Published in: Journal of Organometallic Chemistry 

Authors: Sebastian A. Rommel†, Dieter Sorsche†, Stefanie Schönweiz, Joachim Kübel, 

Nils Rockstroh, Benjamin Dietzek, Carsten Streb, and Sven Rau* 

Copyright: Reproduced by permission of the publisher Elsevier Limited 

The Boulevard, Langford Lane Kidlington, Oxford, OX5 1GB, UK. 

Bibliography: J. Organomet. Chem., 2016, in press, 

doi:10.1016/j.jorganchem.2016.04.002. 

Abstract: 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 = 2-phenylpyridine; tmBBI = 5,5′,6,6′-tetramethyl-2,2′-

bibenzimidazole; tbbpy = 4,4′-di-tert-butyl-2,2′-bipyridine) are presented. Its absorbance 

lies well within the visible light spectrum, showing absorption features typical for 

dinuclear ruthenium(II) bibenzimidazole complexes. The complex exhibits characteristic 

emission properties of both metal centers, indicative of an incomplete energy transfer. 

The application of Ir-BBI-Ru as visible-light absorbing photosensitizer in the field of 
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photocatalytic water reduction is demonstrated by considerable hydrogen generation 

with a Co(II) catalyst and triethanolamine as sacrificial donor. 

Contribution: The second author (assigned with equal contribution) contributed to the 

project planning, discussion of results, and performed X-ray diffractometry and 

publication of the respective data. The manuscript has in large part been prepared by 

the first and second author in cooperation with the corresponding author. 

7.6. Novel phenanthroline–diaryldiazadiene ligands with heteroditopic 

coordination spheres  

Published in: Dalton Transactions 

Authors: Dieter Sorsche†, Christian Pehlken†, Christian Baur, Sebastian A. Rommel, 

Katharina Kastner, Carsten Streb, and Sven Rau* 

Copyright: Reproduced by permission of The Royal Society of Chemistry 

Bibliography: Dalton Trans., 2015, 44, 15404-15407, doi:10.1039/C5DT02383A. 

Abstract: 1,10-Phenanthroline-5,6-diaryldiazadienes are key structures for the 

development of novel heterodinuclear photocatalysts and for the construction of 

extended heterocycles of potential biological use. Herein, the first examples of this 

compound family are presented together with a wide range of initial reactivity studies. 

Synthetic strategies are presented to access the two first derivatives of the ligand and 

to accomplish subsequent metal coordination to the phenanthroline sphere. 

Contribution: The second author (assigned with equal contribution) conducted the 

syntheses of ligands, and full characterization thereof, in cooperation with the first and 

third author. Synthesis and characterization of the iridium complex was performed by 

the first and fourth author. Cation binding was investigated by the first and second 

authors, electrochemical data were collected in collaboration between the first and fifth 

author. The first author was mainly involved with the manuscript preparation in 

collaboration with second, sixth, and the corresponding author. 
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8. Experimental Part (not covered in the publications) 

 

General synthetic route for 1,1’-bis(t-butoxycarbonyl)-4,4’-bis(R-ethinyl)-6,6’-dimethyl-

2,2’-bisbenzimidazoles via Sonogashira coupling 

Caution: copper(I) acetylene complexes formed under basic conditions are explosive 

when dried as a solid! 

In an oven-dried 45 mL microwave pressure tube with Teflon cap and under an argon 

atmosphere 200 mg of 1,1’-bis(t-butoxycarbonyl)-4,4’-dibromo-6,6’-dimethyl-2,2’-

bisbenzimidazole (200 mg, 0.3225 mmol), 0.1 mL of R-acetylene (R = C6H5, TMS, 

TIPS), 18.3 mg of tetrakis(triphenylphosphine) palladium(0) (5 mol-%) and 9.3 mg of 

copper(I) iodide (15 mol-%) were dissolved in 3 mL THF and 2 mL of TEA. Upon brief 

ultrasonication of the sealed tube the solution turned deep red, indicating the formation 

of copper(I) acetylene. The tube was heated to 60°C within 5 minutes and the 

temperature was kept steady for further 1h55min. After cooling water, 2M aqueous HCl 

and CH2Cl2 were added, and the two-phase mixture was stirred for 30min at room 

temperature. The mixture was basified to ca. pH 8 by adding 2 M aqueous NaOH and 

saturated aqueous NaHCO3. Saturated aqueous ethylenediaminetetraacetic acid 

(EDTA) was added, and the mixture was stirred for 30 min at room temperature. The 

aqueous phase was extracted three times with dichloromethane and the combined 

organic phases washed three times with water and once with brine. After drying over 

Na2SO4 and filtration, the solvent was concentrated under reduced pressure at 40°C. 

The residual oil was subjected to column chromatography (Al2O3 with 6% H2O, 

cyclohexane/dichloromethane 9:11:1) and the product was obtained as a white solid 

after removal of the solvent from the appropriate fluorescent fraction. Yields: 40-60 %. 
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1H-NMR (400 MHz, CDCl3): δ [ppm]: R = TMS: 7.91 (s, 1H, BBI H7), 7.40 (s, 1H, BBI 

H5), 2.49 (s, 3H, Me), 1.27 (s, 9H, boc), 0.26 (s, 9H, TMS). 

1H-NMR (400 MHz, CDCl3): δ [ppm]: R = TIPS: 7.92 (s, 1H, BBI H7), 7.38 (s, 1H, BBI 

H5), 2.50 (s, 3H, Me), 1.24, (s, 9H, boc), 1.14 (d*, 21H, TIPS); *two broad overlaying 

singlets, corresponding to 18 methyl signals plus 3 dimethyl alkenyl methane signals. 

1H-NMR (400 MHz, CDCl3): δ [ppm]: R = C6H5: 7.87 (s, 1H, BBI H7), 7.53 (d, 2H, 

phenyl ortho), 7.39 (s, 1H, BBI H5), 7.24 (m, 3H, phenyl meta, para), 2.46 (s, 3H, Me), 

1.79 (s, 9H, boc). 
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9. List of figures, schemes, and tables 
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Figure 3. The light absorption/emission features of a molecular sensor (large sphere) in 
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Figure 4. Schematic depiction of the absorption of a photon by a molecular 
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Figure 9. Redox quenching of an electronically excited state; left: an electron from the 
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Figure 10. Solid-state geometry of tris(2,2'-bipyridine) ruthenium(II) cation from ref. 77; 

ball-and-stick depiction, solvent molecules and additional anions omitted for clarity. .... 11 

Figure 11. Simplified frontier molecular orbital scheme of [Ru(bpy)3]
2+-type complexes 

derived from molecular orbital theory. .................................................................................... 12 
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cation (from ref. 79); ball-and-stick depiction, solvent molecules and additional anions 
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We present the synthesis of a macrocyclic ruthenium(II) com-
plex that combines the versatile photophysics and supra-
molecular chemistry of biimidazole ruthenium(II) chromo-
phores with a macrocyclic geometry that allows for its intro-
duction into mechanically interlocked frameworks. Struc-

Introduction

Molecular machines and devices have gained much atten-
tion in recent decades.[1] The ability to perform and control
processes on a molecular level opens the potential for fur-
ther miniaturization of technical processes. Such a level of
control could be achieved by understanding and tuning
supramolecular interactions, such as hydrogen-bonding, π–
π stacking, electron donor/acceptor, and electrostatic inter-
actions, or by the ability to perform energy- or electron-
transfer processes.[2,3] These forces on the molecular level
can be employed in terms of designing building blocks that
assemble in a distinct fashion and that may reassemble in
response to an external stimulus, for example, pH value

Scheme 1. Synthetic route for the synthesis of novel bibenzimidazole ruthenium(II) chromophores presented in this work. Reaction
conditions: (a) excess BBr3/CH2Cl2, r.t., 24 h. (b) High-dilution techniques, 1,14-diiodo-3,6,9,12-tetraoxatetradecane, Cs2CO3, DMF,
60 °C.
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Albert-Einstein-Allee 11, 89081 Ulm, Germany
E-mail: sven.rau@uni-ulm.de
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tural information on the core framework was gained from a
solid-state structure. The new supramolecular building block
shows that the principal photophysics of the ruthenium chro-
mophore, that is, the cation-driven light-switch effect, are re-
tained during the formation of the macrocycle.

changes and light or potential changes.[4–7] Accordingly,
distinct molecular-level processes can be controlled by a
macroscopic stimulus.

To prevent supramolecular assemblies from disassemb-
ling as a side reaction, mechanical interlocking in the form
of rotaxanes or catenanes is a helpful concept, but it re-
quires specific structural features such as a macrocyclic ge-
ometry.[8–17] The use of a photoactive species such as a pho-
toredox-active ruthenium(II) chromophore as a molecular
trigger has been presented in various examples of molecular
devices, such as the “molecular abacus”.[4] In a recent work,
the group of Beer et al. introduced a photoactive tris(diim-
ine)osmium(II) as an anion sensor into a rotaxane by using
the hydrogen bonds within the macrocycle.[18]

Particularly interesting ligands for such chromophores
are 2,2�-bibenzimidazoles.[19–27] In contrast to systems
based on 2,2�-bipyridine and 1,10-phenanthroline, 2,2�-bi-
benzimidazoles can bind a second metal center through co-
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ordination after deprotonation or in their protonated form
bind anions through hydrogen bonding.[28] These effects in-
fluence the photophysical properties of the ruthenium chro-
mophore, which can lead to cation-driven molecular light
switches[29] and luminescent cation and anion sensors.[30–32]

To introduce the versatile supramolecular properties of bi-
benzimidazoles (BBIs) into a functional molecular architec-
tures, synthetic access to 4,4�-disubstituted 2,2�-bibenzimid-
azoles is necessary (Scheme 1). The introduction of variable
substituents is possible.[19] Recently, Siegel et al. developed
a route towards the versatile introduction of aryl groups at
the 4,4�-positions.[33] The preorientation of the substituents
at the 4,4�-positions was accomplished by introducing a
suitable protecting group at the imidazole amine.

On the basis of this route, we synthesized 4,4�-dianisyl-
1,1�-di-tert-butylcarboxyl-6,6�-dimethyl-2,2�-bibenzimid-
azole (dmBBIAnisBoc2). We show herein that coordination
of this ligand to a bis(bipyridine)ruthenium(II) fragment is
possible and that this leads to the cis configuration of the
anisyl substituents. In only two further synthetic steps, a
macrocyclic framework is created at the complex. The new
complexes retain the characteristic absorption and emission
features of a photoredox-active polypyridyl ruthenium(II)
chromophore as well as the protonation-dependent supra-
molecular binding site of the 1,4-secondary amine sphere
of the bibenzimidazole inside the macrocycle. Moreover,
these new building blocks show a cation-driven light-switch
effect (Figure 1).

Figure 1. Schematic representation of the supramolecular building
block presented in this work; distinct supramolecular functions can
be addressed by the occupation of the amine functions within the
macrocycle along with tunable variation of the absorption and
emission properties of the chromophore.

Results and Discussion

Synthesis of Boc-protected 4,4�-anisyl-substituted 2,2�-
bibenzimidazole (dmBBIAnisBoc2) was performed accord-
ing to a literature procedure with comparable yields.[33] Co-
ordination to [(tbbpy)2Ru(Cl)2] (tbbpy = 4,4�-di-tert-butyl-
2,2�-bipyridyl) was performed directly from the Boc-pro-
tected ligand in ethanol/water upon addition of formic acid
and yielded K1-H2 in 88% yield. The principle structural
characterization of the complex was performed by
1H NMR spectroscopy and mass spectrometry. The ob-

Eur. J. Inorg. Chem. 2014, 4244–4249 © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim4245

served ESI-MS signal at m/z = 1111 corresponds to the
mono-deprotonated molecular cation without any anions.
The symmetric 1H NMR spectrum proves the desired cis
configuration of the anisyl substituents (see Figure 2),
which avoids their steric clash with the bipyridine ligands
at the ruthenium center. The protons of the anisyl moiety
furthermore exhibit only two 1H NMR signals, which indi-
cates free rotation of the aryl substituents.

Figure 2. Characteristic signals in the 1H NMR spectra of K1-H2

and K1��-H2; left: aromatic region, proving the cis configuration of
the bibenzimidazole ligand [black lines indicate the bipyridine sig-
nals (tbbpy), gray lines indicate the bibenzimidazole signals (BBI)];
right: signals of the characteristic ether functionalities.

Cleavage of the methyl ether was performed with an
excess amount of BBr3 in dichloromethane to yield diol
K1�-H2 in an excellent yield of 95 %. It was characterized
by 1H NMR spectroscopy and mass spectrometry. The ob-
served ESI-MS signal at m/z = 1083 corresponds to the
mono-deprotonated molecular cation without any anions.
The 1H NMR spectrum clearly shows the disappearance of
the methyl signal, whereas the symmetry is retained and the
pattern of all the other signals associated with the ruth-
enium complex moiety remains virtually unchanged. The
macrocyclic complex K1��-H2 was synthesized from K1�-H2

and 1,14-diiodo-3,6,9,12-tetraoxatetradecane by using high-
dilution techniques in a DMF suspension of Cs2CO3, which
acts as both the base and a template for the ether. The reac-
tion yielded the complex K1��-H2 in a moderate yield of
about 55%. The pure compound was obtained as a third
fraction after size-exclusion chromatography with methanol
as the eluent and was characterized by mass spectrometry
and NMR spectroscopy. The observed ESI-MS signal at
m/z = 1285 corresponds to the mono-deprotonated molecu-
lar cation without any anions. Figure 2 also shows the char-
acteristic region of the ether functionalities of K1-H2 and
K1��-H2 in the 1H NMR spectra.

Clearly visible is the broadened signal of the methoxy
group of K1-H2, which disappears after cleavage of the
ether. The spectrum of K1��-H2 exhibits typical signals for
the macrocyclic polyether moiety, that is, four signals with
integral ratios of 1:1:1:2, together with the broadened sig-
nals for the ruthenium moiety. It is known from the litera-
ture that bibenzimidazoles undergo structural changes if
bound to a metal center or to an organic backbone, that is,
upon bending or twisting of the C2–C2�-bond.[19–21,30,34]
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To elucidate this effect in more detail, crystals of K1-H2

were obtained in the presence of small amounts of water
and propane-2-ol. Owing to the good quality of the data
obtained, the location of the protons in the hydrogen-bond
framework could be accurately identified (Figure 3, top).
As expected, txhe bibenzimidazole is slightly bent around
the ruthenium center with a bending angle of 165.68°,
which is in perfect agreement with the literature-known
structures, for which the angles deviate around 165.9°
(�0.7°).[19–21,28,30,34–36] Accordingly, this causes an opening
of the tweezerlike geometry of the anisyl substituents, which
is characterized by an angle of 14.3° (Figure 3, bottom).
The anisyl rings are twisted with respect to the bibenzimid-
azole by 33.16 and 45.47°, which causes the space between
them to appear smaller. Hence, because of the free rotation
of the anisyl rings as seen in the 1H NMR spectroscopic
data, the binding site for the hydrogen-bond acceptors
seems to be flexible. In the given solid-state structure, a
water molecule is hydrogen bonded to the secondary amine
functions of the biimidazole core in a rather unusual man-
ner. Unsubstituted bibenzimidazole ruthenium complexes

Figure 3. Top: Ball-and-stick depiction of the hydrogen-bond
framework in the solid-state structure of [(tbbpy)2Ru-
(dmBBIAnisH2)](PF6)2·H2O·C3H8O·2C4H8O2 (probability level
50%, solvent molecules and hydrogen atoms that are not involved
in the hydrogen-bond framework are omitted for clarity; R1 =
0.0424, wR2 = 0.1095); bottom: Schematic depiction of the solid-
state structures with the characteristic bending angle of the bibenz-
imidazole ligand inscribed.

Eur. J. Inorg. Chem. 2014, 4244–4249 © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim4246

are known to form hydrogen bonds with two acceptors, for
example, in the presence of water and PF6 or CF3SO3

anions.[20,30] The newly observed H-bond geometry in
K1-H2 might therefore be a first indication that the tweezer-
like environment induces some degree of selectivity for the
H-bond acceptor.

The UV/Vis and emission properties of the K1-Hx,
K1�-Hx, and K1��-Hx complexes were investigated. It is well
known that the principal photophysics of bis(bipyridine)
ruthenium(II) bibenzimidazole complexes are determined
by the protonation state of the latter ligand. The doubly
protonated complexes show absorption and emission prop-
erties that resemble those of tris(bipyridine)ruthenium(II),
that is, a broad metal-to-ligand charge transfer (MLCT) ab-
sorption with an absorption maximum at around 470 nm
and a corresponding luminescence at around 630 nm. There
seems to be no significant influence of the different substit-
uents at the phenolic oxygen atom on the absorption and
emission properties (see Figure S2).

Upon deprotonation of the bibenzimidazole complexes,
the photophysical behavior changed significantly. In pure
methanol, single deprotonation occurred for all three com-
plexes, and this led to a bathochromic shift in the MLCT
absorption maximum to λmax = 506 nm together with a
bathochromic shift and a decrease in the luminescence.
Complete deprotonation was achieved through addition of
aqueous sodium hydroxide; this led to a further batho-
chromic shift in the MLCT absorption to λmax = 552 nm
and complete quenching of the luminescence. The doubly
protonated complexes could be restored upon the addition
of aqueous HPF6. All three complexes, K1-Hx, K1-H�x, and
K1��-Hx, showed this behavior; for K1�, complete deproton-
ation led to the appearance of a broadened MLCT absorp-
tion band; this is most likely due to deprotonation of the
phenol. The UV/Vis spectrum of K1��-H2 is depicted in Fig-
ure 4 (for K1-Hx and K1-H�x see Figure S3, Supporting In-
formation).

Given that the acid–base chemistry of biimidazole com-
plexes determines their luminescent sensor and switching
properties, a more detailed investigation was performed.
The pKa1 values for methanol solutions of K1 and K1��
were measured independently as 1:1 mixtures with Britton–
Robinson buffer in water.[37] The pKa1 values were deter-
mined to 5.64�0.14 for K1-H2/K1-H and 6.06 �0.16 for
K1��-H2/K1��-H (see Figure S7). The values are comparable
and are altogether in good agreement with the reported
pKa1 values for bibenzimidazole complexes.

One of the most intriguing properties of bis(bipyridine)-
ruthenium(II) bibenzimidazole complexes is their ability to
act as a cation-driven light switch through coordination of
a second metal ion. It was shown for the ruthenium(II)
complexes of 2,2�-bibenzimidazole that emission in the non-
luminescent doubly deprotonated complex could be
switched on through the addition of divalent metal centers
such as zinc(II).[29] Both complexes K1 and K1�� exhibited
a strong bathochromic shift upon deprotonation with NaH
in THF together with complete disappearance of the lumi-
nescence. Upon the addition of ZnIICl2, the absorption
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Figure 4. UV/Vis and emission spectra of K1��-Hx in methanol; the
different protonation states were observed in pure methanol (for
K1��-H), upon the addition of aqueous HPF6 (for K1��-H2), and
upon the addition of aqueous NaOH (for K1��).

maximum was shifted hypsochromically, and this was com-
bined with the appearance of weak luminescence (see Fig-
ure S8). The results are in good agreement with the litera-
ture[29] and thus show that the bridging ability of the bi-
imidazolate ligand to a second metal center is retained in
diaryl-substituted complex K1 and also in macrocyclic com-
plex K1��.

Conclusions

A versatile new building block for supramolecular photo-
chemical molecular devices was synthesized. Detailed struc-
tural analysis including a solid-state structure proved that
the bibenzimidazole ligand exhibits a cis configuration of
the substituents in 4,4�-positions owing to coordination to
the bis(bipyridine)ruthenium(II) moiety. Subsequently, a
macrocyclic structure was generated by using high-dilution
techniques, in which the two secondary diamine functions
of the bibenzimidazole are located within the macrocycle.
These can be addressed either by protonation/deproton-
ation events or by binding of the metal to tune the photo-
physical properties of the presented complexes. The ob-
tained results show that the new substitution pattern of the
bibenzimidazole, while introducing an attractive new struc-
tural component, retains the well-known pH-dependent
photochemistry of the bibenzimidazoleruthenium(II) unit.

Experimental Section
Syntheses: 1,1�-Bis(tert-butoxycarbonyl)-4,4�-bis(4-methoxyphenyl)-
6,6�-dimethyl-2,2�-bibenzimidazole (dmBBIphOMeBoc2) was synthe-
sized according to a method presented in the literature starting
from 2-bromo-4-methyl-6-nitroaniline as purchased from ABCR in
98% purity.[33] The ruthenium precursor complex bis(4,4�-di-tert-
butyl-2,2�-bipyridyl)dichloridoruthenium(II) [(tbbpy)2Ru(Cl)2] was
synthesized according to an efficient microwave-assisted method
presented in the literature starting from ruthenium(III) chloride hy-
drate (35–40% ruthenium) purchased from Degussa.[35] 1,14-Di-
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iodo-3,6,9,12-tetraoxatetradecane was synthesized from commer-
cially available penta(ethylene glycol)ditosylate (95%) according to
the literature.[38]

Bis(4,4�-di-tert-butyl-2,2�-bipyridine)-4,4�-bis(4-methoxyphenyl)-
6,6�-dimethyl-2,2�-bibenzimidazoleruthenium(II) Dihexafluorido-
phosphate {[(tbbpy)2Ru(dmBBIphOMeH2)](PF6)2, K1-H2}: Formic
acid (1 mL) was added to a suspension of 1,1�-bis(tert-butoxycar-
bonyl)-4,4�-bis(4-methoxyphenyl)-6,6�-dimethyl-2,2�-bibenzimid-
azole (73.1 mg, 0.1 mmol) in ethanol (30 mL) and water (20 mL),
and the mixture was heated to reflux at 115 °C. A solution of
bis(4,4�-di-tert-butyl-2,2�-bipyridine)dichloridoruthenium(II)
(70.8 mg, 0.1 mmol) in ethanol (20 mL) was added dropwise over
1 h, and the solution was stirred and heated for a further 12 h.
After cooling, the crude mixture was filtered through Celite 545. A
solution of NH4PF6 (81.5 mg, 0.5 mmol) in water (10 mL) was
added to precipitate the product complex as the hexafluorophos-
phate salt. The resulting precipitate was filtered, washed with water
(3�) and ether (3�), and dried in vacuo, yield 125 mg (0.089 mmol,
89%) 1H NMR (400 MHz, CD2Cl2, 298 K, see Scheme S1): δ = =
8.32 (s, 2 H, tbbpy 3-H or 3�-H), 8.25 (s, 2 H, tbbpy 3-H or 3�-H),
7.88 (m, 4 H, tbbpy 6-H and 6�-H), 7.53 (m, 6 H, tbbpy 5-H or 5�-
H and BBI 8-H), 7.38 (d, 3JHH = 6 Hz, 2 H, tbbpy 5-H or 5�-H),
7.24 (s, 2 H, BBI 5-H), 7.03 (s, 4 H, BBI 9-H), 5.38 (s, 2 H, BBI
7-H), 3.72 (s, 6 H, BBI OMe), 2.19 (s, 6 H, BBI Me), 1.51 (s, 18
H, tbbpy tBu), 1.40 (s, 18 H, tbbpy tBu) ppm. 13C{1H} NMR
(100 MHz, CD2Cl2, 298 K): δ = = 162.83, 162.08, 160.51, 159.45,
157.41, 152.71, 152.35, 144.36, 143.23, 136.18, 131.25, 129.71,
128.84, 128.63, 127.47, 126.00, 124.96, 120.69, 115.41, 114.13,
55.77, 36.05, 35.88, 30.77, 30.55 ppm. MS (ESI): m/z = 556
[M – 2PF6]2+, 1111 [M – H+ – 2PF6

–]+. UV/Vis: λmax = 470
[MeCN/HPF6(aq) 50:1 v/v MLCT], 470 [MeOH/HPF6(aq)
50:1 v/v, MLCT], 506 (MLCT, – H+), 544 [MeOH/NaOH(aq)
50:1 v/v, MLCT, – 2H+] nm. Emission: λmax = 635 [MeCN/
HPF6(aq) 50:1 v/v; MeOH/HPF6(aq) 50:1 v/v), 695 (MeOH, – H+)
nm.

Crystal Data for [(tbbpy)2Ru(dmBBIAnisH2)](PF6)2·H2O·iPrOH·
2EtOAc: C77H100F12N8O8P2Ru, Mr = 1656.65 gmol–1, red prism,
crystal size 0.1633 � 0.0990 � 0.0691 mm3, triclinic, space group
P1̄, a = 15.3079(4) Å, b = 16.4532(4) Å, c = 19.0862(5) Å, α =
115.341(2)°, β = 109.323(2)°, γ = 93.407(2)°, V = 3984.28(19) Å3,
T = 180(2) K, Z = 2, ρcalcd. = 1.381 Mgm–3, μ(Cu-Kα) = 2.713 cm–1,
F(000) = 1728, altogether 42951 reflections up to h(–19/18), k(–20/
19), l(–22/23) measured in the range of 7.425° � Θ � 74.493°,
completeness Θmax = 99.7%, 16254 independent reflections, Rint

= 0.0330, 14554 reflections with Fo � 4σ(Fo), 981 parameters, 23
restraints, R1obs = 0.0421, wR2obs = 0.1082, R1all = 0.0483, wR2all

= 0.1130, GOF = 1.040, largest difference peak and hole: 0.963/
–0.698 eÅ–3.

CCDC-993653 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Bis(4,4�-di-tert-butyl-2,2�-bipyridine)-4,4�-bis(4-hydroxyphenyl)-
6,6�-dimethyl-2,2�-bibenzimidazoleruthenium(II) Dihexafluorido-
phosphate {[(tbbpy)2Ru(dmBBIphOHH2)](PF6)2, K1�-H2}: The reac-
tion was performed under inert conditions. K1-H2 (115 mg,
0.82 mmol) was dissolved in a solution of BBr3 (1 m in CH2Cl2,
5 mL). The dark red solution was stirred for 12 h at room tempera-
ture. At 0 °C, first methanol (5 mL) was added dropwise; brighten-
ing of the solution was observed. Water (5 mL) and 2 m HCl (1 mL)
were added, and the organic solvents were removed under reduced
pressure. Dichloromethane was added, the organic layer was sepa-
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rated, and the aqueous layer was extracted two more times. The
combined organic solution was dried with Na2SO4, and the solvent
was removed under reduced pressure. The residue was dissolved in
ethanol (5 mL) and water (5 mL) and heated to 65 °C. After 1 h, a
solution of NH4PF6 (66.8 mg) in water (10 mL) was added drop-
wise, and the resulting suspension was cooled down to room tem-
perature. The red precipitate was filtered, washed with water and
pentane, and dried in vacuo, yield 104.2 mg (0.076 mmol, 95%). 1H
NMR (400 MHz, CD2Cl2, 298 K, see Scheme S2): δ = 8.30 (s, 2 H,
tbbpy 3-H or 3�-H), 8.23 (s, 2 H, tbbpy 3-H or 3�-H), 7.90 (s, 2 H,
tbbpy 6-H or 6�-H), 7.89 (s, 2 H, tbbpy 6-H or 6�-H), 7.53 (dd,
4JHH = 1.8 Hz, 3JHH = 6 Hz, 2 H, tbbpy 5-H or 5�-H), 7.43 (s, 4
H, BBI 8-H), 7.39 (d, 3JHH = 5.2 Hz, 2 H, tbbpy 5-H or 5�-H),
7.15 (s, 2 H, BBI 5-H), 6.82 (s, 4 H, BBI 9-H), 5.35 (s, 2 H, BBI
7-H), 2.18 (s, 6 H, BBI Me), 1.50 (s, 18 H, tbbpy tBu), 1.38 (s, 18
H, tbbpy tBu) ppm. 13C{1H} NMR (100 MHz, CD2Cl2, 298 K): δ
= 162.40, 159.46, 157.29, 152.56, 143.31, 129.68, 124.64, 120.41,
113.78, 35.88, 35.70, 30.64, 30.42 ppm. MS (ESI): m/z = 542 [M –
2PF6]2+, 1083 [M – H+-2PF6

–]+. UV/Vis: λmax = 470 [MeCN/
H P F 6 ( a q ) 5 0 : 1 v / v M L C T ] , 4 7 0 [ M e O H / H P F 6 ( a q )
50:1 v/v, MLCT], 506 (MLCT, – H+), 542 [MeOH/NaOH(aq)
50:1 v/v, MLCT, – 2H+] nm. Emission: λmax = 635 [MeCN/
HPF6(aq) 50:1 v/v; MeOH/HPF6(aq) 50:1 v/v), 695 (MeOH, – H+)
nm.

Bis(4,4�-di-tert-butyl-2,2�-bipyridine)-4,4�-[3,6,9,12-tetraoxatetra-
deca-1,14-di(oxy-4-phenylene)]-6,6�-dimethyl-2,2�-bibenzimidazole-
ruthenium(II) Dihexafluoridophosphate {[(tbbpy)2Ru(dmBBIPEG-
H2)](PF6)2, K1��-H2}: The reaction was performed under inert con-
ditions. A solution of K1�-H2 (40.7 mg, 0.03 mmol) and 1,14-di-
iodo-3,6,9,12-tetraoxatetradecane (13.6 mg, 0.03 mmol) in dry di-
methylformamide (15 mL) was added dropwise within 10 h by
using a Heidolph Pumpdrive 5201 peristaltic pump (0.4 mL every
15 min, 1.5 mLmin–1) to a suspension of CsCO3 (442 mg,
2.29 mmol) in dry dimethylformamide (50 mL). After complete ad-
dition, the mixture was heated for another 6 h and then cooled
down to room temperature. The solvent was removed under re-
duced pressure at 60 °C, and the dark violet residue was taken up
with water and dichloromethane. The organic layer was separated,
and the aqueous phase was extracted with dichloromethane (2�).
The combined organic layer was washed with water, 2 m HCl, and
again with water; dried with CaCl2; and concentrated under re-
duced pressure. The red residue was dissolved in ethanol (2.5 mL)
and water (2.5 mL) and heated to 65 °C. A solution of NH4PF6

(25 mg, 0.15 mmol) in water (5 mL) was added, and the mixture
was cooled down to room temperature. The red precipitate was
washed with water and ether and purified by size-exclusion
chromatography (Sephadex, eluent: methanol). The third fraction
was characterized as the desired product complex, yield 25.3 mg
(0.016 mmol, 55%). 1H NMR (400 MHz, CD2Cl2, 298 K, see
Scheme S3): δ = 15.45 (s, 2 H, NH), 8.43 (s, 2 H, tbbpy 3-H or 3�-
H), 8.35 (s, 2 H, tbbpy 3-H or 3�-H), 7.89 (d, 3JHH = 6.0 Hz, 2 H,
tbbpy 6-H or 6�-H), 7.83 (d, 3JHH = 5.6 Hz, 2 H, tbbpy 6-H or 6�-
H), 7.67 (d, 3JHH = 8.6 Hz, 4 H, BBI 8-H), 7.50 (d, 3JHH = 4.6 Hz,
2 H, 5-H or 5�-H), 7.29 (d, 3JHH = 5.3 Hz, 2 H, tbbpy 5-H or 5�-
H), 7.22 (s, 2 H, BBI 5-H), 7.11 (d, 3JHH = 8.2 Hz, 4 H, BBI 9-H),
5.29, (s, 2 H, BBI 7-H), 4.23 (t, 4 H, BBI Hα), 3.86 (t, 4 H, BBI
Hβ), 3.71 (m, 4 H, Hγ), 3.64 (m, 8 H, Hδ and Hε), 2.18 (s, 6 H,
BBI Me), 1.51 (s, 18 H, tbbpy tBu), 1.39 (s, 18 H, tbbpy tBu) ppm.
13C{1H} NMR (100 MHz, CDCl3, 298 K): δ = 162.06, 158.74,
151.33, 144.37, 142.67, 135.12, 131.16, 129.25, 128.53, 125.18,
120.35, 115.90, 70.60, 69.34, 67.40, 35.59, 35.47, 30.53, 30.35 ppm.
MS (ESI): m/z = 643 [M – 2PF6]2+, 1285 [M – H+ – 2PF6

–]+. UV/
Vis: λmax = 470 [MeCN/HPF6(aq) 50:1 v/v MLCT], 470 [MeOH/
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HPF6(aq) 50:1 v/v, MLCT], 506 (MLCT, – H+), 544 [MeOH/NaO-
H(aq) 50:1 v/v, MLCT, – 2H+] nm. Emission: λmax = 635 [MeCN/
HPF6(aq) 50:1 v/v; MeOH/HPF6(aq) 50:1 v/v], 695 (MeOH, – H+)
nm.

Supporting Information (see footnote on the first page of this arti-
cle): Details on the experimental setup and chemicals, as well as
supplementary UV/Vis spectra, details on the solid-state structure
of K1, and the assignment of the 1H NMR signals.
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Experimental Details 
 
General: 
 
Technical grade solvents were purchased from VWR/Prolabo and redistilled under reduced pressure at 40°C. Acetonitrile 
was used as purchased from Roth in p.a. quality. Methanol, Dichloromethane and Acetonitrile for spectroscopic 
measurements were purchased in spectroscopic grade from Roth. Dry and degassed Tetrahydrofuran and Dimethylformamid 
for inert reactions were purified from the HPLC grade solvents from VWR/Prolabo with a solvent purification system SPS 800 
from MBraun. All chemicals were purchased from Sigma Aldrich, ABCR, Acros Organics, Alfa Aesar or VWR/Prolabo and 
used as purchased (≥95%). Inert reactions were performed under an Argon 4.6 atmosphere by means of standard Schlenck 
techniques. Microwave-assisted syntheses were carried out in a MLS START 1500. Size exclusion chromatography was 
carried out with Sephadex LH-20 as stationary phase (particle size 25-100 μm), purchased from Pharmacia Fine Chemicals 
AB, Uppsala, Sweden. 1H-NMR spectra were recorded at ambient temperature, unless otherwise stated, with a Bruker 400 
MHz spectrometer and Bruker 500 MHz spectrometer. All spectra were referenced to the corresponding solvent residual 
signal, i.e. 1.940 ppm for Acetonitrile, 7.260 for Chloroform, 5.320 for Dichloromethane and 4.870 for Methanol. ESI mass 
analysis was performed on a Shimadzu LC-MS 2020 equipped with an electrospray ionisation source and a SPD-20A UV/vis 
detector. X-ray crystallography was performed on a SuperNova (Dual Source) diffractometer, equipped with an ATLAS 
detector, from Agilent Technologies. The structures were refined by full-matrix least squares techniques agains Fo

2 (SHELXL 
2013).[1] The hydrogen atoms were included at calculated positions with fixed thermal parameters. All non-hydrogen atoms 
were refined anisotropically. 
 
 
NMR spectroscopy 
 

 
 

Scheme S1: Schematic representation of K1-H2, labeled with respect to the 
1
H-NMR characterization nomenclature. 

 

 

 
 

Scheme S2: Schematic representation of K1’-H2, labeled with respect to the 
1
H-NMR characterization nomenclature. 

 

 
 

Scheme S1: Schematic representation of K1’’-H2, labeled with respect to the 
1
H-NMR characterization nomenclature. 



 

 
Crystallography 

Table S1:  Crystal data and structure refinement for [(tbbpy)2Ru(dmBBI
Anis

H2)](PF6)2∙H2O∙
i
PrOH∙2EtOAc. 

 

Empirical formula C77 H100 F12 N8 O8 P2 Ru 

Formula weight 1656.65 

Temperature 180(2) K 

Wavelength 1.54178 Å 

Crystal system Triclinic 

Space group P -1 

Unit cell dimensions 

a = 15.3079(4) Å 

b = 16.4532(4) Å 

c = 19.0862(5) Å 

Volume 3984.28(19) Å3 

Z 2 

Density (calculated) 1.381 Mg/m3 

Absorption coefficient 2.713 mm-1 

F(000) 1728 

Crystal size 0.1633 x 0.0990 x 0.0691 mm3 

Theta range for data collection 7.425 to 74.493°. 

Index ranges -19<=h<=18, -20<=k<=19, -22<=l<=23 

Reflections collected 42951 

Independent reflections 16254 [R(int) = 0.0330] 

Completeness to theta = 67.679° 99.7 % 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 16254 / 23 / 981 

Goodness-of-fit on F2 1.047 

Final R indices [I>2sigma(I)] R1 = 0.0421, wR2 = 0.1082 

R indices (all data) R1 = 0.0483, wR2 = 0.1130 

Largest diff. peak and hole 0.963 and -0.698 e.Å-3 

 



 
Figure S1: ORTEP depiction of [(tbbpy)2Ru(dmBBI

Anis
H2)](PF6)2∙H2O∙

i
PrOH∙2EtOAc (ellipsoids at 50% probability) 

 
 
Optical spectroscopy 
 

 
Figure S2: UV/Vis and emission spectra of K1-Hx, K1’-Hx, and K1’’-Hx in acetonitrile upon addition of aquaeous HPF6. 

 

 
Figure S3: UV/Vis and emission spectra of K1’-Hx, and K1’’-Hx in pure methanol and upon addition of aqueous HPF6 or NaOH, respectively. 

 



 
Figure S4: UV/Vis titration of K1-Hx and K1’’-Hx in a 1:1 mixture of methanol and Britton-Robinson buffer

[2]
 for the determination of the acidity of the first 

deprotonation steps; the absorbance at the respective MLCT maxima (470 nm ± 10 nm or 510 nm ± 10 nm) was plotted against the pH-value and fitted 
according to the following function: Abs = (1-(10

(-pH+pKs)
+1)

-1
·Abs(HA)+(10

(-pH+pKs)
+1)

-1
·Abs(A). 

 

 
Figure S5: UV/Vis spectra of K1-H2 and K1’’-H2 in THF, after deprotonation, and addition of ZnCl2 and emission spectra for the latter two; binding of 

ZnCl2 leads to a hypsochromic shift of the absorption maximum and reappearance of luminescence. 
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Luminescent Complexes

Functional Dimming of Pincer-Shaped Bibenzimidazole-
Ruthenium(II) Complexes with Improved Anion-Sensitive
Luminescence
Dieter Sorsche,[a] Sebastian A. Rommel,[a] and Sven Rau*[a]

Abstract: Three 2,2′-bibenzimidazole-bis(4,4′-di-tert-butyl-2,2′-
bipyridine)ruthenium(II) complexes are presented and charac-
terized with respect to their photophysical and structural prop-
erties. 4,4′,5,5′-Tetramethyl-2,2′-bibenzimidazole (L0), 4,4′-di(p-
anisyl)-2,2′-bibenzimidazole (L1), and the 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. Owing to substitution at the 4,4′-
positions of the bibenzimidazole ligands, complexes K1 and K2
have pincer-like geometries, as shown by 1H NMR spectroscopy

Introduction

Small ions, as simple as they are, play numerous fundamental
regulatory roles in the environment. Owing to the ubiquitous
abundance and versatile functions of small ions, a vast interest
has grown in their noninvasive detection through molecular
sensors.[1–4] Positively polarized sensor functions such as acidic
protic functions can establish strong hydrogen bonds with
anions, a feature that has also been employed in recent years
for the self-assembly of supramolecular architectures through
so-called anion coordination chemistry.[5,6] A potent approach
to detect anions through hydrogen bonds is to connect one or
more acidic H-donor functions with a luminophore in a way
that the absorption and emission properties of the latter are
visibly influenced by the appearance and strength of the H-
bond interaction.[7,8] On the one hand, polypyridyl-ruth-
enium(II) complexes are widely applicable molecular tools for
the introduction of light in technological and biological applica-
tions[9–12] because of their well-known photophysical properties
and generally long-lived excited states, in which light energy is
absorbed and provided for chemical conversions.[13,14] On the
other hand, the vast synthetic variability of the general tris(di-
imine) framework allows the adjustment of a chromophore for
a distinct application.[15–17] For example, 2,2′-bibenzimidazole
ligands provide an elegant direct connection between a cis-
diimine function for coordination to a ruthenium center with
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and XRD studies. The emission intensities of these complexes
are dimmed compared with that of K0, whereas titration experi-
ments with tetrabutylammonium (TBA) salts of fluoride, chlor-
ide, bromide, and iodide show strongly enhanced sensitivity
to hydrogen bonding with chloride and bromide ions, which
increases the emission intensity to ca. 300 % of the original
value, and they eventually outperform K0. With regard to the
luminescence sensitivities, K1 and K2 set a new benchmark
among 2,2′-biimidazole ruthenium(II) colorimetric halide sen-
sors.

an acidic cis-diamine function, which acts as a twofold H-bond
donor and is generally suitable for the binding of mono- and
bidentate acceptors.[18–21] Also, several synthetic modifications
have been reported for the manipulation of the electronic and
steric properties of these ligands.[22–26] Manipulations of the
4,4′-positions are of particular interest as they define a pincer-
like pocket around the hydrogen-bond moiety. Synthetic access
to –Br, –I, –NO2, –NH2, and imine derivatives of the latter have
been reported by Walther et al., and the nitro derivative as well
as a methyl-disubstituted analogue were employed by Ye et al.
as colorimetric halide sensors.[22,27] However, the nitro-substi-
tuted complex is nonluminescent and, accordingly, sensing
through emission has not been reported. Nonetheless, a consid-
erable rise of luminescence intensity has been demonstrated
for unsubstituted complexes of 2,2′-bibenzimidazole, and an
improvement of this effect could be achieved through the intro-
duction of a small pocket upon the methylation of the 4,4′-
positions.[25] By using the procedure presented by Siegel et al.
for the synthesis of a wide variety of 4,4′-disubstituted 2,2′-
bibenzimidazoles through a Negishi coupling route, we have
recently reported the synthesis, photophysical, and structural
characterization of new pincer-shaped ruthenium dyes with
versatile supramolecular functions.[24]

With the ability to introduce aromatic substituents
(Scheme 1, R1), a direct spatial influence on the H-bond pocket
can be envisaged. Therefore, we add another, structurally con-
fined complex to this library of 4,4′-disubstituted bibenzimid-
azole complexes, for which we can delicately control the geo-
metric orientation of the introduced groups. Our results show
that anisyl substitution leads to a significant decrease of the
emission intensity of the pristine ruthenium complex as a hexa-
fluorophosphate salt. However, this dimming effect can be re-
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versed upon hydrogen bonding between the complexes and
weakly basic halides and leads to remarkable anion sensitivity
in terms of signal enhancement (see Scheme 1).

Scheme 1. Schematic depiction of the general concept of functionally
dimmed pincer-shaped ruthenium chromophores presented in this work.
Upon the exchange of the substituents R1 and R2, the luminescence hν of
the complexes is dimmed, and H-bond binding of halides leads to a signifi-
cant increase and slight bathochromic shift of luminescence hν′.

Results and Discussion

Complexes K0, K1, and K* {[(tbbpy)3Ru](PF6)2 for reference
spectra; tbbpy = 4,4′-di-tert-butyl-2,2′-bipyridine} were synthe-
sized according to literature-known procedures
(Scheme 2).[17,23,24] The new complex K2 was also prepared
through a known procedure.[23,24] Although the hydrogen-bond
area in K0 is virtually open to the solvent, the anisyl substitu-
ents in K1 and K2 provide a pincerlike geometry, and the aryl
rings entwine the cis-diamine moiety. In K1, the anisyl substitu-
ents are free to rotate around the C(benzimidazole)–C(anisyl)
axis at room temperature, as shown through 1H NMR spectro-
scopy, in which only two singlets for the eight anisyl protons
and a broad singlet of the methoxy group were observed. The
1H NMR spectrum of K2 generally confirms that the new ligand
also binds to ruthenium in a cis configuration with respect to its
substituents. However, a sharp peak for the methoxy function
is found, as well as two aliphatic singlets with equal area for
the methyl groups and two singlets in the aromatic region of
the spectrum for the four remaining anisyl protons, which is in
agreement with a rigid C2 symmetry in which the rotation of
the dimethylanisyl moiety is sterically hindered. It is further
noteworthy that the N–H proton signal observed in the low-
field end of the recorded spectrum is significantly up-field-
shifted; this indicates a slight effect of the π system of the anisyl
substituents, which, in an orthogonal orientation with respect
to the bibenzimidazole backbone, is oriented towards the cis-
diamine functionality. In summary, the results strongly suggest
that K2 provides a more defined pincer geometry than K1,
which is flexible and may generally be able to adapt to a small
hydrogen-bond acceptor. A comparison of the 1H NMR spectra
of K0, K1, and K2 is given in Figure 1. Single crystals of K2
were grown to verify the aforementioned structural assump-
tions. Two structures could be characterized in detail: the first
one, K2-MeOH, shows hydrogen bonding with one molecule of
methanol sandwiched between the anisyl substituents, and the
second one, K2-EtOAc, shows a hydrogen-bond framework with
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one molecule of ethyl acetate (Figure 2). Notably, in both struc-
tures, H bonds are formed between two N–H donor functions
and only one O acceptor atom. Similarly, in the structure of K1
reported recently (K1-H2O), one molecule of water was found
as a H-bond acceptor.[24] A second structure of K1, that is, K1-
Cl, was obtained within this work and showed one chloride
anion bound to the N–H donor functions (Figure 3, left). The
general observation of hydrogen bonds with monodentate H-
bond acceptors is peculiar, as previously reported structures of
bibenzimidazole-ruthenium(II) complexes often show bifur-
cated H-bond frameworks with bidentate or multiple accept-
ors.[18,22,28,29]

Scheme 2. Bibenzimidazole-ruthenium(II) complexes presented in this work;
complexes K1 and K2 are pincer-shaped owing to anisyl substituents at the
4,4′-positions, and the latter is sterically confined.

In a recent publication on an iridium(III) complex, we showed
that two molecules of water set up an extended H-bond frame-
work with the bibenzimidazole, which is capped by two mol-
ecules of dimethyl sulfoxide (DMSO).[30] This aspect has already
been discussed in detail for the related ruthenium complexes,
and the tendency of bibenzimidazole ligands to bind two H-
bond acceptor atoms stems from the rigidity of their frame-
work, in contrast to related diamine/diimine ligands.[19] This is
most prominently reflected by the bending of the ligand to-
wards the metal center and subsequent widening of the cis-
diamine geometry in the respective solid-state structures. The
exclusive appearance of single acceptor binding in the four
structures discussed in this paper shows that a distinct confin-
ing effect of the pincer geometry is introduced by the 4,4′-
diaryl substitution pattern. All relevant angles, that is, the bend-
ing angles of the bibenzimidazole ligands towards the metal
centers, the twist angles of the aryl substituents with the bi-
benzimidazole, and the opening of the pincer, as characterized
by the angle described by the substituents and the distance
between the aromatic ring centers (cf. Figure 3, right), as well
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Figure 1. 1H NMR spectra of K0 (blue), K1 (green), and K2 (red; 10–3 M, [D3]MeCN); the three areas (δ = 12.5–10, 8.75–3.5, and 2.5–0.0 ppm) are zoomed
differently with respect to the intensity of the relevant (nonsolvent) signals.

Figure 2. Solid-state structures of K2-EtOAc and K2-MeOH (ball-and-stick depictions; hydrogen atoms, counterions, and solvent molecules omitted for clarity,
except for the H-bond frameworks).

as the H-bond lengths between the respective heteroatoms are
listed in Table 1. Strikingly, K1 and K2 show very different
geometries in the solid-state.

In the structure of K1-H2O, the anisyl substituents tend to
rotate in a plane with the bibenzimidazole to adapt an opti-
mum angle to avoid gauche repulsion and maximize overlap
with the π systems. Thereby, the pincer geometry is closed to
achieve an almost perfectly dense packing with the H-bonded
water molecule. In the structure of K1-Cl, a similar twist angle
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of 34.5° is found; however, the pocket size, as characterized by
the distance between the anisyl centroids, is considerably larger
at 9.376 Å compared with 8.967 Å. This geometry is also re-
flected in the opening angle of 18.3°, as compared to 14.4°;
this angle has virtually no influence on the bibenzimidazole
backbone, as characterized by its bending towards the ruth-
enium center. Strikingly, the twist angles of K2 in its two solid-
state structures are much larger than those of K1. As expected
from the 1H NMR spectra, the rotation of the anisyl moiety in a
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Figure 3. Left: solid-state structure of K1-Cl (ball-and-stick depiction;
hydrogen atoms, second counterion, and solvent molecules omitted for clar-
ity, except for the H-bond framework); right: color-coded schematic represen-
tation of the characteristic values measured in the crystal structures of K1-
Cl, K1-H2O,[24] K2-MeOH, and K2-EtOAc, collected in Table 1.

Table 1. Characteristic angles and distances in the solid-state structures of K1
and K2.

K1-H2O K1-Cl K2-EtOAc K2-MeOH

Opening angle [°] 14.4(2) 18.3(2) 5.8(2) 4.7(3)
Bending angle [°] 13.3(2) 13.5(2) 12.7(3) 10.0(4)
Torsion angle [°] 32.2(4), 34.5(6) 76.0(5), 73.8(7),

45.4(4) 78.1(5) 74.9(9)
H-bond length [Å] 2.80(2) 3.066 2.820(8) 2.82(7)
Centroid distance [Å] 8.967(5) 9.376(9) 8.360(8) 8.25(1)

plane with the bibenzimidazole is inhibited owing to the steric
hindrance imposed by the two methyl groups at the ortho posi-
tions. Accordingly, to achieve a packing mode as dense as pos-
sible, a narrowing of the pincer geometry is observed, as the
distances between the anisyl centroids are 8.360 and 8.25 Å,
respectively, that is, ca. 0.66 Å less than the distance in K1-H2O,
in which only a small oxygen acceptor is also bound in the H-
bond framework. This closing of the geometry is further re-
flected in the almost parallel orientation of the anisyl substitu-
ents, characterized by opening angles of 5.8 and 4.7°. A small
secondary effect is observed for the bibenzimidazole backbone,
which is bent towards the ruthenium center by 12.7° for K2-
MeOH and only 10.0° for K2-EtOAc, compared with an average
of 13.4° for the two structures of K1. The hydrogen-bond
lengths between the cis-diamine moieties and oxygen atoms of
the H-bond acceptors are virtually equal, whereas, naturally, the
hydrogen-bond length is significantly longer for K1-Cl, owing
to the larger van der Waals radius of the chloride ion. Notably,
in the geometry adopted in the chloride complex, the two pro-
tons of the anisyl moiety are also oriented towards the anion,
in agreement with a positive polarization at the edge of the
aromatic system. Such long aryl-H–halide interactions are well-
known in supramolecular architectures, in which halide guests
are employed as templates for self-assembly.[31,32]

The UV/Vis absorption spectra of K0, K1, and K2 show the
same general features, but the molar extinction of K2 in the
metal-to-ligand charge-transfer (MLCT) region appears to be
slightly higher (Figure 4). Interestingly, a ligand-centered ab-
sorption at λ ≈ 350 nm shows two distinct maxima for K0 and
K2, whereas the smaller peak is only recognized as a shoulder
for K1. This may indicate a possible overlap of the anisyl substit-
uents with the π system of the bibenzimidazole, as the 1H NMR
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spectrum of K1 indicated that the rotation of the anisyl substit-
uents is unhindered in acetonitrile solution at room tempera-
ture. Furthermore, the MLCT absorptions of both K0 and K2 are
slightly broader at the bathochromic edge, which may infer that
the bibenzimidazole π systems are isolated. In K1, in contrast,
an overlap with the electron-rich anisyl substituents may in-
crease the electron density in the benzimidazole moieties and,
therefore, increase the σ-donor strength at the metal center to
increase its t2g donor states. The emission spectra show that
the emission intensities of K1 and K2 are significantly lower
than that of K0 in the order I(K0) > I(K2) > I(K1), which corre-
sponds to the introduction of the substituents and, subse-
quently, the ability to interact with the bibenzimidazole in
terms of π overlap. Although the emission energies of K0 and
K1 are virtually identical, the emission maximum of K2 is
shifted bathochromically to λmax(Em) = 642 nm.

Figure 4. UV/Vis absorption and emission spectra of K0, K1, and K2 (10–5 M,
MeCN).

To investigate the potential of K0, K1, and K2 as luminescent
anion sensors, standard titration experiments were performed,
in which up to 4 equiv. of fluoride, chloride, bromide, and iod-
ide ions were added with a Hamilton syringe to solutions of the
complexes in acetonitrile. Emission spectra were recorded at
intervals of 10 μL to 100 μL, followed by intervals of 20 μL to
200 μL, and eventually 50 μL steps to 500 μL. For K1, a slight
increase of emission intensity indicative of a H-bond interaction
is observed between 0 and 0.5 equiv. of fluoride ions, followed
by a steep quenching trajectory between 0.5 and 1 equiv., and
the resulting species remains nonluminescent between 1–
4 equiv. Complexes K2 and K0 also lose emission quickly be-
tween 0 and 1 equiv., although they display a less steep pro-
gression, and K2 reaches its minimum slightly above 1 equiv.
(Figure 5, left). Neither K0 nor K2 show an initial increase of
the emission; however, in contrast to K1 and K2, residual emis-
sion above 1 equiv. of fluoride ions is observed for K0 with ca.
13 % of the initial emission intensity and λmax(Em) = 613 nm.
On the basis of previous reports, we concluded that the loss
of emission indicates subsequent deprotonation of the amine
functions, as deprotonated bibenzimidazole ruthenium com-
plexes are generally nonluminescent.[16,18,20,24,28,33]

As the mono-deprotonated and fully deprotonated bibenz-
imidazole ruthenium complexes are usually well-distinguishable
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Figure 5. Left: emission quenching of K0, K1, and K2 (10–5 M, MeCN) upon the addition of TBAF; emission area normalized to the respective initial value.
Right: exemplary UV/Vis (solid line) and emission spectra (dashed line) of K0 upon the addition of TBAF, the spectra of K1 and K2 are provided in the
Supporting Information.

even with the naked eye through a transition from bright red
to brown to deep violet, the UV/Vis spectra of K0, K1, and K2
were recorded in acetonitrile upon the addition of either TBAF
(for K0, cf. Figure 5, right) or TBAOH (for K0, Figure 6). The
titration experiments with TBAOH show the expected transition
for all three complexes, that is, the disappearance of the MLCT
absorption band at λ ≈ 470 nm, the intermediate appearance
of a bathochromically shifted MLCT absorption with a peak
maximum at λ ≈ 515 nm, followed by a transition to the fully
deprotonated species with an absorption maximum at λ ≈
555 nm. In contrast, the emission maxima of K0 and K2 shift
hypsochromically, and the emission of K2 eventually vanishes,
whereas the emission of K0 equilibrates at ca. 10 % of the emis-
sion of the doubly protonated complex at λmax(Em) = 613 nm.
The emission of K1 shifts slightly bathochromically before it
disappears completely, which is in agreement with the mono-
deprotonated species that is observed when K1 is dissolved in
methanol.[24]

Figure 6. Exemplary absorption and emission spectra of K0 upon the addition
of TBAOH; the spectra of K1 and K2 are provided in the Supporting Informa-
tion.

The respective titration spectra of K0, K1, and K2 with fluor-
ide ions match the behavior observed upon deprotonation with
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TBAOH; therefore, it is reasonable to assume that the interac-
tion between the investigated complexes and TBAF is best de-
scribed as subsequent deprotonation. Notably, K0 and K2 both
exhibit hypsochromic emission shifts, whereas that of K1 is
shifted bathochromically. It should further be mentioned that
the emission behavior suggests a slightly different mechanism
for the deprotonation of K1, as the formation of a hydrogen-
bond adduct at up to 0.5 equiv. of fluoride ions is indicated.
The stoichiometry of fluoride deprotonation with respect to the
well-resolved MLCT band shift has been investigated in more
detail; a first deprotonation of all complexes at 1 equiv. of fluor-
ide is observed, and the subsequent full deprotonation of K1 is
observed at 4 equiv., whereas it is observed at 6 equiv. for K0
and K2.

To explain the unique behavior of K1, one must consider the
formation of dimers from the mono-deprotonated complex, as
observed in the solid-state structure of L1-HCl (Figure 7). For
structurally simple biimidazole and bibenzimidazole ruth-
enium(II) complexes, the dimerization of two mono-deproto-
nated complexes can occur through shared hydrogen bonds.
Ye et al. pointed out that self-association presents a competing
process with respect to a potential sensing application and sug-
gested that this process might be inhibited through the intro-
duction of substituents at the 4,4′-positions. However, the ob-
tained structure of L1-HCl shows self-association, which is fa-
vored by additional intermolecular attraction, that is, a total of
four π-stacking interactions between the formally electron-rich
anisyl rings and the electron-deficient benzimidazole moieties
within the dimer.

This arrangement is possible because of the free rotatability
of the substituents in L1 and K1, whereas this effect is most
likely hindered in K2 because of the almost perpendicular ar-
rangement of the benzimidazole and anisyl moieties. In princi-
pal, K0 is capable of forming such dimers; however, they lack
the stabilizing π interactions, and a respective effect may not
be observed. To verify the ability of K1 to form dimers, as ob-
served for the ligand, the mono-deprotonated complex was
prepared through two approaches: (a) full deprotonation with
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Figure 7. Solid-state structure of the HCl adduct L1-HCl (ball-and-stick depiction; hydrogen atoms and solvent molecules omitted for clarity, except for the H-
bond framework), which shows dimer formation; the black lines indicate hydrogen bonds, and the red lines indicate π-stacking interactions.

Figure 8. Solid-state structures of the dimer (K1)2 [ball-and-stick depiction, left: structure (a), side-view; right: structure (b), top view; hydrogen atoms and
solvent molecules omitted for clarity, except for the H-bond framework]; the black lines indicate hydrogen bonds, and the red lines indicate π-stacking
interactions.

aqueous sodium hydroxide and subsequent addition of the
mildly acidic, sterically demanding phenylphosphonic acid and
(b) full deprotonation with trimethylamine and subsequent
treatment with water. The obtained structures of (K1)2 nicely
show the same dimer of the intertwined monoprotonated com-
plex, accompanied by either (a) four phenylphosphonate coun-
terions that share a hydrogen-bond network through six pro-
tons or (b) two hexafluoridophosphate counterions, as well as
solvent molecules for both structures. The observed dimeriza-
tion behavior is very similar to that of the ligand (Figure 8). The
respective values for the π stacking and H-bond lengths as well
as the characteristic angles are collected in Table 2.

It has been shown in the literature that hydrogen bonds
through the cis-diamine functionality of the bibenzimidazole
usually affect the electron density around the corresponding
protons, the signals of which in some cases can be observed
by 1H NMR spectroscopy. Accordingly, spectra (10–3 mol L–1 in
[D3]acetonitrile) of all complexes upon addition of either
1 equiv. of TBACl, TBABr, and TBAI were recorded (Figure 9).[25]
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Table 2. Characteristic angles and distances of the solid-state structures of
L1-HCl and (K1)2 (a) and (b).

Complex π stacking anisyl–imid- d(N–H···N) Twist anisyl–imid-
azole [Å] [Å] azole [°]

L1-HCl 3.331 2.874 43.2
(K1)2 (a) 3.311 2.821 36.8
(K1)2 (b) 3.377 2.877 40.2

The obtained spectra nicely show a deshielding of the acidic
protons, indicative for hydrogen bonding with chloride and
bromide. With iodide the signal could only be observed for K2,
whereas it disappeared in the spectra of K0 and K1 (cf. Table 3).
The signal shifts for K1 are somewhat larger as compared to
those of K0, whereas the N-H signals of the pristine PF6 salts
appear at the same position. As mentioned before, the N-H
proton signal of K2 is slightly more shielded as compared to
the case of K0 and K1. Accordingly, all signals of the chloride
and bromide adducts are shifted upfield as compared to those
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Figure 9. Low-field region (N–H signals) of the 1H NMR spectra of K0 (left), K1 (middle), and K2 (right): pristine PF6 complexes (bottom/red), upon the addition
of 1 equiv. of TBACl (green), TBABr (blue), and TBAI (purple).

Table 3. 1H NMR chemical shifts [ppm] of the N–H protons of K0, K1, and K2 upon the addition of 1 equiv. of Cl–, Br–, or I– ions; 10–3 M [D3]MeCN.

Complex Pristine PF6 salt 1 equiv. of TBACl (signal shift Δδ) 1 equiv. of TBABr (signal shift Δδ) 1 equiv. of TBAI (signal shift Δδ)

K0 11.72 14.79 (3.07) 14.18 (2.46) –
K1 11.71 15.30 (3.59) 14.60 (2.89) –
K2 10.66 14.60 (3.94) 13.89 (3.23) 11.87 (1.21)

Figure 10. UV/Vis spectra of K1 (left) and K2 (right; 10–5 M, MeCN) upon the addition of TBACl; inset: zoom of the MLCT absorption band (λ = 410–500 nm).

of the respective adducts of K0 and K1. Nonetheless, the re-
maining difference is not as predominant as with the PF6 com-
plexes, and – accordingly – the total signal shift as characterized
by the difference between initial positions and positions in the
presence of Cl– and Br– is the highest for K2 (cf. Table 3, paren-
theses).

Titration experiments with chloride, bromide, and iodide ions
were performed, as described for the fluoride and hydroxide
titrations. The UV/Vis spectra of all complexes show a sensitive
response to addition of chloride and bromide ions, that is, a
slight broadening and decrease in the absorptivity of the MLCT
absorption bands, which is indicative of a strong H-bond inter-
action between the halide ions and the bibenzimidazole li-
gands. However, these effects are hard to distinguish by the
naked eye and show a rapid saturation that is not useful for the
determination of an exact concentration of the analyte (Fig-
ure 10).

In the emission spectra, only a slight increase in intensity
along with a bathochromic shift of the emission was observed
for K0 upon the addition of chloride and bromide ions to ca.
5 % before it even decreased linearly upon the further addition
of the halide solution. This came as a surprise with respect to
the behavior of similar complexes that had been reported previ-
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ously. The main difference in K0 compared with reported sys-
tems is the four methyl substituents; however, the basicity of
bibenzimidazole ligands has a crucial effect on their hydrogen-
bond properties. For K0, the inductive effect of the methyl
groups has already been proven to cause unusual reactivity
compared with that of unsubstituted analogues.[34,35] To vali-
date our method, we performed titration experiments with the
TBA halide salts with K* as a reference compound and observed
a comparable decrease in emission intensity to that observed
for K0 after the addition of 1 equiv. of salt; it was concluded
that, in addition to hydrogen bonding, some minor effects con-
nected with our method caused the eventual linear behavior
observed.

Although K0 is not a suitable sensor molecule for the detec-
tion of chloride, bromide, or iodide ions, a much stronger effect
was observed when K1 and K2 were treated with the latter
salts, that is, a significant increase in luminescence intensity was
accompanied by a slight bathochromic shift (Figure 11). The
luminescence intensity of K1 increases to 303 % of the initial
value upon the addition of 1 equiv. of chloride ions and to ca.
279 % of the initial value in the presence of bromide ions. Like-
wise, the luminescence intensity of K2 increases to ca. 244 %
of the initial value when treated with chloride ions and to
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Figure 11. Plot of the emission intensity area increase of K0, K1, and K2 upon the addition of TBACl (left) and TBABr (right), normalized with respect to the
initial emission of the pristine PF6 complexes.

193 % of the initial value when treated with bromide ions. Upon
the addition of 1 equiv. of bromide ions, the emission intensi-
ties for K0 and K2 are approximately equal within the experi-
mental error, that is, the H bonding of these halides nicely can-
cels the initial dimming of luminescence through the introduc-
tion of the anisyl substituents (Figure 12). Both K1 and K2 even-
tually outperform K0 significantly in terms of luminescence in-
tensity upon the addition of 1 equiv. of chloride ions, K1 also
outperforms K0 in the presence of bromide ions, and their re-
markably higher sensitivity compared with that of K0 is re-
tained.

Figure 12. Comparison of the emission spectra of K0 (left, black lines), K1
(middle, red lines), and K2 (right, blue lines); solid lines, white area: pristine
PF6 salts; dotted lines, yellow area: upon the addition of 1 equiv. of TBABr;
dashed lines, red area: upon the addition of 1 equiv. of TBACl.

Therefore, through the functional dimming that has been
introduced by the attachment of the anisyl substituents, a sig-
nificant enhancement in luminescence sensitivity has been
gained that, to the best of our knowledge, exceeds those of all
previously reported ruthenium(II) bibenzimidazole sensors. To
quantify the interactions of the investigated complexes with
chloride and bromide ions, association constants were calcu-
lated from the obtained data.[36] Owing to the eventual de-
crease in the emission of K0 after the addition of 1 equiv., no
reliable fit could be generated. In contrast, the association be-
tween K1 and chloride ions is too strong, as illustrated by the
almost linear progression between 0 and 1 equiv., after which
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a virtually linear saturation is observed. The obtained value of
1.8 × 106 L mol–1 was calculated with a mean error of 25 %,
and we strongly suggest that the interaction is described as a
stoichiometric ion-pair formation rather than a dynamic equilib-
rium. Smaller association constants were determined for K1
with bromide ions and for K2 with both chloride and bromide
ions, as reflected by the respective errors; the values are col-
lected in Table 4. Titrations with iodide ions showed only minor
effects on either complex, that is, only a linear decrease in the
emission of K0 and slight increases of the emissions of K1 and
K2 by ca. 40 and 20 %, respectively. The respective absorption
spectra showed virtually no response in the MLCT region. All of
the obtained values from the emission spectra that characterize
the respective sensor–ion interaction are summarized in
Table 4.

Table 4. Luminescence properties of K0, K1, and K2 upon the addition of
1 equiv. of Cl–, Br–, or I– ions.

Complex Ion Luminescence λmax(Em) [nm] log Ka
[b]

increase[a] [%]

K0 Cl– 103 645 –
K0 Br– 103 641 5.13[c] (16 %)
K0 I– 97 641 –
K1 Cl– 303 645 6.26 (25 %)
K1 Br– 279 642 5.63 (7 %)
K1 I– 111 639 –
K2 Cl– 244 646 5.82 (14 %)
K2 Br– 193 646 5.63 (15 %)
K2 I– 106 643 –

[a] Relative to the initial value of the pristine PF6 complexes upon the addi-
tion of 1 equiv. TBAX. [b] Calculated if possible, fit errors are given in paren-
theses. [c] Calculated only within 0–1 equiv. owing to the subsequent de-
crease above 1 equiv.

Conclusions

The three complexes K0, K1, and K2 have been synthesized
and fully characterized with respect to their geometric features.
All of the complexes exhibit a cis-diamine functionality, which,
in principle, can interact with H-bond acceptors such as small
anions. Complexes K1 and K2 exhibit additional anisyl function-
alities adjacent to the diamine function. In K1, this geometry is
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flexible, as the anisyl substituent can rotate and, therefore,
modify the size of the cavity within the pincerlike geometry.
Additional anion–dipole interactions between aryl protons and
a chloride guest were observed in the crystal. The solid-state
structures represent the H-bonding capabilities of the proto-
nated complexes K1 and K2 as well as the nature of the struc-
tural restrictions. The structures obtained from the ligand L1
and deprotonated K1 emphasize their unique supramolecular
interactions owing to the modularity and flexibility of the li-
gand. The emission spectra show that the introduction of the
anisyl substituents is accompanied by a dimming of the lumi-
nescence of K1 and K2 compared with that of K0. The treat-
ment of all of the complexes with fluoride ions leads to depro-
tonation. The interaction of K0 with iodide ions is negligible
within the experimental error, only a slight response occurs for
K2, and a more pronounced response occurs for K1. However,
the UV/Vis spectra suggest predominant interactions with the
complex periphery. The addition of chloride or bromide ions
eventually cancels and even reverses the luminescence dim-
ming of K1 and K2 with an eventual increase to 300 % com-
pared with the luminescence of the pristine material. This en-
hanced sensitivity and selectivity for chloride and bromide ions
among the halide ions is a promising finding for the further
development of ruthenium(II) bibenzimidazole based anion
sensors.

Experimental Section
General: Technical-grade solvents were purchased from VWR/Pro-
labo and redistilled under reduced pressure at 40 °C. Dry degassed
acetonitrile was purified from the HPLC-grade solvent from VWR/
Prolabo with an MBraun SPS 800 solvent purification system. All
chemicals were purchased from Sigma–Aldrich, ABCR, Acros Organ-
ics, Alfa Aesar, or VWR/Prolabo and used as purchased (≥95 %). Mi-
crowave-assisted syntheses were performed with an MLS START
1500 system. The 1H NMR spectra were recorded at ambient tem-
perature, unless otherwise stated, with a Bruker 400 MHz spectrom-
eter. All spectra were referenced to the corresponding residual sol-
vent signals, that is, δ = 1.940 ppm for acetonitrile and δ =
5.320 ppm for dichloromethane. X-ray crystallography was per-
formed with a SuperNova (Dual Source) diffractometer, equipped
with an ATLAS detector, from Agilent Technologies. The structures
were refined by full-matrix least-squares techniques against Fo

2

(SHELXL 2013).[37] The hydrogen atoms were included at calculated
positions with fixed thermal parameters. All non-hydrogen atoms
were refined anisotropically. The electronic absorption spectra were
recorded with a JASCO V-670 spectrophotometer, and the emission
spectra were recorded with a JASCO FP-8500 spectrofluorometer.
10–4 M stock solutions of K*, K0, K1, and K2 as well as 2 × 10–3 M

stock solutions of the tetrabutylammonium salts of OH–, F–, Cl–, Br–

, and I– were prepared under a protective argon atmosphere in a
UNILAB glovebox from MBraun. Sample solutions (2 mL) were pre-
pared by 1:10 dilution of the complex solutions in gas-tight emis-
sion cuvettes, 1 mL TBA halide solutions were prepared by dilution
of the investigated complex solution (100 μL) and the TBA halide
solution (100 μL). The TBA halide solution (500 μL) was then trans-
ferred to a Hamilton® syringe and added to the cuvette through a
septum in defined portions without the removal of the syringe be-
tween measurements. The solutions were continuously stirred dur-
ing the measurements and TBA halide addition, and a new septum
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was used for every run. Data manipulations were performed with
the Origin Pro 9.0.0G (32-bit) b45 software from OriginLab Corpora-
tion (© 1991–2012).

4,4′,5,5′-Tetramethyl-2,2′-bibenzimidazole (tmBBI, L0), 1,1′-bis(tert-
butoxycarbonyl)-4,4′-bis(4-methoxyphenyl)-6,6′-dimethyl-2,2′-bi-
benzimidazole (dmBBIphOMeboc2, L1), 1,1′-bis(tert-butoxycarbonyl)-
4,4′-bis(2,6-dimethyl-4-methoxyphenyl)-6,6′-dimethyl-2,2′-bisbenz-
imidazole (dmBBIdmphOMeboc2, L2), bis(4,4′-di-tert-butyl-2,2′-bipyr-
idine)(4,4′,5,5′-tetramethyl-2,2′-bibenzimidazole) ruthenium(II) di-
hexafluoridophosphate (K1), and bis(4,4′-di-tert-butyl-2,2′-bipyr-
idine)4,4′-bis(2,6-dimethyl-4-methoxyphenyl)-6,6′-dimethyl-2,2′-bi-
benzimidazole ruthenium(II) dihexafluoridophosphate (K1) were
synthesized by literature procedures.[17,23,24,38] The ruthenium pre-
cursor complex bis(4,4′-di-tert-butyl-2,2′-bipyridyl)dichloridoruthe-
nium(II) [(tbbpy)2Ru(Cl)2] was synthesized according to the efficient
microwave-assisted method reported previously[17] from ruth-
enium(III) chloride hydrate (35–40 % ruthenium, purchased from
Degussa). Tris(4,4′-di-tert-butyl-2,2′-bipyridine)ruthenium(II) hexa-
fluoridophosphate (K*) was obtained as a side-product from the
synthesis. Bis(4,4′-di-tert-butyl-2,2′-bipyridyl)dichloridoruthenium(II)
was separated by silica column chromatography and recrystallized
as the hexafluoridophosphate salt.

Complex K2: To a suspension of L2 (73.1 mg, 0.1 mmol) in ethanol
(30 mL) and water (20 mL), formic acid (1 mL) was added, and the
mixture heated to reflux at 115 °C. A solution of bis(4,4′-di-tert-
butyl-2,2′-bipyridine)dichloridoruthenium(II) (70.8 mg, 0.1 mmol) in
ethanol (20 mL) was added dropwise over 1 h, and the solution
was stirred and heated for a further 12 h. After cooling, the crude
mixture was filtered through Celite® 545. A solution of NH4PF6

(81.5 mg, 0.5 mmol) in water (10 mL) was added to precipitate
the product complex as a hexafluorophosphate salt. The resulting
precipitate was collected by filtration, washed three times each with
water and ether, and dried in vacuo, yield 131.3 mg (0.09 mmol,
90 %). 1H NMR (CD2Cl2, 298 K, 400 MHz, cf. Scheme S1): δ = 8.32
(d, 4JH,H = 1.5 Hz, 2 H, tbbpy 3-H or 3′-H), 8.26 (d, 4JH,H = 1.5 Hz, 2
H, tbbpy 3-H or 3′-H), 7.85 (d, 3JH,H = 6.0 Hz, 2 H, tbbpy 6-H or 6′-
H), 7.73 (d, 3JH,H = 6.0 Hz, 2 H, tbbpy 6-H or 6′-H), 7.55 (dd, 3JH,H =
6.0, 4JH,H = 1.5 Hz, 2 H, tbbpy 5-H or 5′-H), 7.39 (dd, 3JH,H = 6.0 Hz,
4JH,H = 1.5 Hz, 2 H, tbbpy 5-H or 5′-H), 7.01 (s, 2 H, BBI 5-H), 6.72 (s,
2 H, BBI 8-H or 8′-H), 6.68 (s, 2 H, BBI 8-H or 8′-H), 5.40 (s, 2 H, BBI
7-H), 5.32 (solvent residual signal) 3.79 (s, 6 H, BBI OMe), 2.18 (s, 6
H, BBI Me), 1.98 (s, 6 H, BBI OMe or OMe′), 1.79 (s, 6 H, BBI OMe or
OMe′), 1.50 (s, 18 H, tbbpy tBu), 1.41 (s, 18 H, tbbpy tBu) ppm.
13C{1H} NMR (CD2Cl2, 298 K, 100 MHz): δ = 162.71, 161.94, 159.97,
159.30, 157.37, 152.49, 152.00, 142.38, 138.32, 138.13, 135.84,
129.75, 127.88, 126.79, 125.93, 124.76, 120.70, 120.63, 114.16,
113.69, 113.60, 68.26, 55.53, 35.91, 35.76, 30.63, 30.41, 21.90, 20.66,
20.46 ppm. UV/Vis (10–5 M, MeCN): λmax = 472 nm (MLCT). Emission
spectroscopy (10–5 M, MeCN): λmax = 642 nm.

Crystal Data for K1-Cl: C66H74Cl2N8O2Ru, Mr = 1183.30 g mol–1, red
hexagonal plate, crystal size 0.1527 × 0.0965 × 0.0135 mm, mono-
clinic, space group C2/c, a = 15.3857(5) Å, b = 29.5222(13) Å, c =
13.7004(5) Å, � = 97.165(3)°, V = 6174.4(4) Å3, T = 150(2) K, Z = 4,
ρcalcd. = 1.273 Mg/m3, μ(Mo-Kα) = 0.390 mm–1, F(000) = 2480, total
18853 reflections to h(–18/19), k(–36/31), l(–17/16) measured in the
range 3.499 ≤ Θ ≤ 26.371°, completeness Θmax = 99.7 %, 6309 inde-
pendent reflections, Rint = 0.0398, 5258 reflections with Fo > 4σ(Fo),
377 parameters, 2 restraints, R1obs = 0.0512, wR2obs = 0.1438, R1all =
0.0644, wR2all = 0.1570, GOOF = 0.611, largest difference peak and
hole: 1.304/–0.604 e Å–3. Restraints were applied to fix the disor-
dered methoxy groups in a reasonable fashion. In the crystal lattice,
it is assumed that the anisyl substituents move between two alter-
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native positions, as was reflected by a largely distorted, anisotropi-
cally smeared oxygen atom. The best refinement was obtained
upon splitting the methoxy group over two alternative positions
with site occupancies of 52.1 and 47.9 %. Residual electron density
maxima in a disordered arrangement were removed by using the
Platon SQUEEZE[39,40] procedure. The corresponding electron count
of 46 electrons per void roughly corresponds to one molecule of
acetone per void, whereas the respective volume of 194 Å3 is con-
siderably larger than that expected, which is generally in accord-
ance with the observed disorder.

Crystal Data for K2-MeOH: C73H94F12N8O5P2Ru, Mr =
1554.57 g mol–1, red prism, crystal size
0.1443 × 0.1077 × 0.0595 mm, triclinic, space group P1̄, a =
14.7205(5) Å, b = 15.9255(4) Å, c = 18.5618(6) Å, α = 76.484(2)°, � =
67.234(3)°, γ = 81.893(2)°, V = 3895.1(2) Å3, T = 180(2) K, Z = 2,
ρcalcd. = 1.325 Mg/m3, μ(Cu-Kα) = 2.709 mm–1, F(000) = 1640, total
42562 reflections to h(–17/18), k(–19/19), l(–23/23) measured in the
range 7.386 ≤ Θ ≤ 74.496°, completeness Θmax = 99.7 %, 15887 in-
dependent reflections, Rint = 0.0489, 13257 reflections with Fo >
4σ(Fo), 937 parameters, 17 restraints, R1obs = 0.0738, wR2obs =
0.2099, R1all = 0.0876, wR2all = 0.2202, GOOF = 1.045, largest differ-
ence peak and hole: 1.245/–1.027 e Å–3. The FLAT restraint was ap-
plied to the anisyl substituents, which otherwise drifted slightly ir-
regularly inwards to the ligand cavity. The C–O bond lengths in
two methanol molecules and one P–F bond length in one of the
counterions were restrained by using the DFIX command. Residual
electron density maxima indicated the appearance of another mol-
ecule of methanol in the unit cell, but the respective refinement
was unstable. Therefore, the Platon SQUEEZE[39,40] procedure was
applied. The calculated electron count of twelve electrons merely
indicates the presence of one strongly disordered molecule of water
in a void volume of 124 Å–3.

Crystal Data for K2-EtOAc: C78H98F12N8O6P2Ru, Mr =
1634.65 g mol–1, red fragment, crystal size
0.1067 × 0.0772 × 0.0629 mm, triclinic, space group P1̄, a =
15.6267(5) Å, b = 16.0298(4) Å, c = 17.9392(4) Å, α = 91.364(2)°, � =
103.432(2)°, γ = 111.221(2)°, V = 4045.4(2) Å3, T = 180(2) K, Z = 2,
ρcalcd. = 1.342 Mg/m3, μ(Cu-Kα) = 2.646 mm–1, F(000) = 1704, total
44213 reflections to h(–19/18), k(–20/16), l(–18/22) measured in the
range 7.384 ≤ Θ ≤ 74.492°, completeness Θmax = 99.7 %, 16477 in-
dependent reflections, Rint = 0.0332, 14505 reflections with Fo >
4σ(Fo), 964 parameters, 4 restraints, R1obs = 0.0520, wR2obs = 0.1417,
R1all = 0.0598, wR2all = 0.1483, GOOF = 1.081, largest difference peak
and hole: 1.464/–1.989 e Å–3. The DFIX command was applied to fix
the geometry of the unbound ethyl acetate solvent molecule.

Crystal data for L1-HCl: C62H56Cl8N8O4, Mr = 1260.74 g mol–1, pale
yellow prism, crystal size 0.3215 × 0.1651 × 0.1234 mm, monoclinic,
space group P21/c, a = 23.5769(6) Å, b = 18.4780(5) Å, c =
14.1490(4) Å, � = 97.378(3)°, V = 6113.0(3) Å3, T = 170(2) K, Z = 4,
ρcalcd. = 1.370 Mg/m3, μ(Cu-Kα) = 3.804 mm–1, F(000) = 2608, total
25076 reflections to h(–29/17), k(–22/21), l(–17/17) measured in the
range 7.435 ≤ Θ ≤ 73.809°, completeness Θmax = 99.7 %, 11964 in-
dependent reflections, Rint = 0.0244, 10034 reflections with Fo >
4σ(Fo), 800 parameters, 68 restraints, R1obs = 0.0527, wR2obs =
0.1440, R1all = 0.0618, wR2all = 0.1542, GOOF = 1.042, largest differ-
ence peak and hole: 1.845/–0.714 e Å–3. Some intramolecular Cl–Cl
distances in the distorted solvent molecules were fixed by using
the DANG restraint, and the ellipsoids of the respective chlorine
atoms were restrained by using the ISOR command.

Crystal data for (K1)2 (a): C146H176F12N8O6P2Ru2, Mr =
2764.11 g mol–1, violet rectangular prism, crystal size
0.3262 × 0.2562 × 0.0598 mm, monoclinic, space group P21/n, a =
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25.8355(4) Å, b = 23.7914(3) Å, c = 26.2326(4) Å, � = 110.056(2)°,
V = 15146.4(4) Å3, T = 150(2) K, Z = 4, ρcalcd. = 1.212 Mg/m3, μ(Cu-
Kα) = 2.399 mm–1, F(000) = 5794, total 126354 reflections to h(–32/
30), k(–24/29), l(–32/32) measured in the range 7.427 ≤ Θ ≤ 74.495°,
completeness Θmax = 99.7 %, 30885 independent reflections, Rint =
0.0463, 22164 reflections with Fo > 4σ(Fo), 1659 parameters, 27 re-
straints, R1obs = 0.0738, wR2obs = 0.2099, R1all = 0.0876, wR2all =
0.2202, GOOF = 1.080, largest difference peak and hole: 1.924/
–1.264 e Å–3. The DFIX, DANG, and ISOR restraints were applied to
some tert-butyl groups to achieve a stable refinement. The methyl
groups of both acetonitrile molecules were calculated with fixed
coordinates for all atoms to avoid shift errors related to the posi-
tioning of the hydrogen atoms. Two more molecules of tert-butyl
methyl ether per formula unit were indicated by the residual elec-
tron densities but could not be integrated in a stable model. There-
fore, the Platon SQUEEZE[39,40] procedure was applied, and the cal-
culated electron count of 156 electrons in two voids was correlated
to two molecules of the nonsolvent.

Crystal data for (K1)2 (b): C166H195N17N17O18P4Ru2, Mr =
3042.40 g mol–1, violet prism, crystal size
0.3322 × 0.181 × 0.0888 mm, monoclinic, space group P21/n, a =
29.1278(5) Å, b = 15.1725(4) Å, c = 38.3664(7) Å, � = 90.825(2)°, V =
16953.9(6) Å3, T = 180(2) K, Z = 4, ρcalcd. = 1.192 Mg/m3, μ(Mo-Kα) =
0.280 mm–1, F(000) = 6408, total 113099 reflections to h(–36/35),
k(–14/18), l(–46/47) measured in the range 3.408 ≤ Θ ≤ 26.372°,
completeness Θmax = 99.7 %, 34581 independent reflections, Rint =
0.0624, 18255 reflections with Fo > 4σ(Fo), 1795 parameters, 27 re-
straints, R1obs = 0.0563, wR2obs = 0.1505, R1all = 0.1062, wR2all =
0.1650, GOOF = 0.737, largest difference peak and hole: 1.358/
–0.921 e Å–3. DFIX and DANG restraints were used to stabilize the
geometry of distorted solvent molecules, ISOR was used for two
methyl substituents of one tert-butyl group. The diethyl ether mol-
ecules were refined isotropically, and two further molecules of di-
ethyl ether and acetonitrile could not be stably integrated in the
refinement. Therefore, the Platon SQUEEZE[39,40] procedure was ap-
plied here, and the electron count in the respective voids reflects
the assumed presence of acetonitrile (41/42 electrons) and diethyl
ether (85 electrons each).

CCDC 1431043 [for (K1)2 (a)], 1431044 [for (K1)2 (b)], 1431045 (for
K1-Cl), 1431046 (for K2-EtOAc), 1431047 (for K2-MeOH), and
1431048 (for L1-HCl) contain the supplementary crystallographic
data for this paper contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre.
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Figure SF1. 1H-NMR spectrum of K2 in CDCl2 and schematic representation with labels for all protons as used in the experimental 

section. 

 



 

 

Figure SF2. left: UV/Vis absorption (solid line) and emission (dashed line) spectra of K0 upon stepwise addition of TBAF to a 10-5 M 

solution in acetonitrile; right: plot of the absorptance at wavelengths characteristic to the MLCT absorption bands of the fully 

protonated (470 nm), mono protonated (515) and deprotonated (565) complex. 

 

Figure SF3. left: UV/Vis absorption (solid line) and emission (dashed line) spectra of K1 upon stepwise addition of TBAF to a 10-5 M 

solution in acetonitrile; right: plot of the absorptance at wavelengths characteristic to the MLCT absorption bands of the fully 

protonated (470 nm), mono protonated (515) and deprotonated (565) complex. 

 

Figure SF4. left: UV/Vis absorption (solid line) and emission (dashed line) spectra of K2 upon stepwise addition of TBAF to a 10-5 M 

solution in acetonitrile; right: plot of the absorptance at wavelengths characteristic to the MLCT absorption bands of the fully 

protonated (470 nm), mono protonated (515) and deprotonated (565) complex. 



 

 

Figure SF5. UV/Vis absorption (solid line) and emission (dashed line) spectra of K1 (10-5 M acetonitrile) upon stepwise addition of 

TBAOH. 

 

Figure SF6. UV/Vis absorption (solid line) and emission (dashed line) spectra of K1 (10-5 M acetonitrile) upon stepwise addition of 

TBAOH. 

 

Figure SF7. UV/Vis spectra of K1 (left) and K2 (right) (10-5 M, MeCN) upon addition of TBACl; inlay: zoom of the MLCT absorption 

band (410-500 nm). 

 



 

Figure SF8. Emission spectra of K0 (10-5 M, MeCN) upon stepwise addition of TBACl (left) and TBABr (right); inlay (right) plot of 

emission area versus concentration of TBA halide, and fit according to fit function FF1 (vide infra). 

 

Figure SF9. Emission spectra of K0 (10-5 M, MeCN) upon stepwise addition of TBAI. 

 

Figure SF10. Emission spectra of K1 (10-5 M, MeCN) upon stepwise addition of TBACl (left) and TBABr (right); inlay plot of emission 

area versus concentration of TBA halide, and fit according to fit function FF1 (vide infra). 

 

 



Figure SF11. Emission spectra of K1 (10-5 M, MeCN) upon stepwise addition of TBAI. 

 

Figure SF12. Emission spectra of K2 (10-5 M, MeCN) upon stepwise addition of TBACl (left) and TBABr (right); inlay: plot of emission 

area versus concentration of TBA halide, and fit according to fit function FF1 (vide infra). 

 

Figure SF13. Emission spectra of K2 (10-5 M, MeCN) upon stepwise addition of TBAI. 

 

Fit function FF1. Aforementioned binding constants were calculated to the fit function below with respect to literature[1] 

∆𝐹 =  
∆𝜀([𝐻] + [𝐺] + 𝐾−1) ± √∆𝜀2([𝐻] + [𝐺] + 𝐾−1)2 − 4∆𝜀2[𝐻][𝐺]

2
 

  



Table 1. Crystal data and structure refinement for K1-Cl. 

 

Empirical formula  C66 H74 Cl2 N8 O2 Ru 

Formula weight  1183.30 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  C 2/c 

Unit cell dimensions a = 15.3857(5) Å a= 90°. 

 b = 29.5222(13) Å b= 97.165(3)°. 

 c = 13.7004(5) Å g = 90°. 

Volume 6174.4(4) Å3 

Z 4 

Density (calculated) 1.273 Mg/m3 

Absorption coefficient 0.390 mm-1 

F(000) 2480 

Crystal size 0.1527 x 0.0965 x 0.0135 mm3 

Theta range for data collection 3.499 to 26.371°. 

Index ranges -18<=h<=19, -36<=k<=31, -17<=l<=16 

Reflections collected 18853 

Independent reflections 6309 [R(int) = 0.0398] 

Completeness to theta = 25.242° 99.7 %  

Refinement method Full-matrix least-squares on F0
2 

Data / restraints / parameters 6309 / 2 / 377 

Goodness-of-fit on F0
2 0.611 

Final R indices [I>2sigma(I)] R1 = 0.0512, wR2 = 0.1438 

R indices (all data) R1 = 0.0644, wR2 = 0.1570 

Largest diff. peak and hole 1.304 and -0.604 e.Å-3 

  



 

 

Figure SF14: ORTEP representation of K1-Cl, ellipsoids at 50% probability. 

  



Table 2. Crystal data and structure refinement for K2-MeOH. 

 

Empirical formula  C73 H94 F12 N8 O5 P2 Ru 

Formula weight  1554.57 

Temperature  180(2) K 

Wavelength  1.54178 Å 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 14.7205(5) Å a= 76.484(2)°. 

 b = 15.9255(4) Å b= 67.234(3)°. 

 c = 18.5618(6) Å g = 81.893(2)°. 

Volume 3895.1(2) Å3 

Z 2 

Density (calculated) 1.325 Mg/m3 

Absorption coefficient 2.709 mm-1 

F(000) 1640 

Crystal size 0.1443 x 0.1077 x 0.0595 mm3 

Theta range for data collection 7.386 to 74.496°. 

Index ranges -17<=h<=18, -19<=k<=19, -23<=l<=23 

Reflections collected 42562 

Independent reflections 15887 [R(int) = 0.0489] 

Completeness to theta = 67.679° 99.7 %  

Refinement method Full-matrix least-squares on F0
2 

Data / restraints / parameters 15887 / 16 / 916 

Goodness-of-fit on F0
2 1.045 

Final R indices [I>2sigma(I)] R1 = 0.0738, wR2 = 0.2099 

R indices (all data) R1 = 0.0876, wR2 = 0.2202 

Largest diff. peak and hole 1.245 and -1.027 e.Å-3 
  



 

 

Figure SF15: ORTEP representation of K2-MeOH, ellipsoids at 50% probability. 

  



Table 3. Crystal data and structure refinement for K2-EtOAc. 

 

Empirical formula  C78 H98 F12 N8 O6 P2 Ru 

Formula weight  1634.65 

Temperature  180(2) K 

Wavelength  1.54178 Å 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 15.6267(5) Å a= 91.364(2)°. 

 b = 16.0298(4) Å b= 103.432(2)°. 

 c = 17.9392(4) Å g = 111.221(2)°. 

Volume 4045.4(2) Å3 

Z 2 

Density (calculated) 1.342 Mg/m3 

Absorption coefficient 2.646 mm-1 

F(000) 1704 

Crystal size 0.1067 x 0.0772 x 0.0629 mm3 

Theta range for data collection 7.384 to 74.492°. 

Index ranges -19<=h<=18, -20<=k<=16, -18<=l<=22 

Reflections collected 44213 

Independent reflections 16477 [R(int) = 0.0332] 

Completeness to theta = 67.679° 99.7 %  

Refinement method Full-matrix least-squares on F0
2 

Data / restraints / parameters 16477 / 4 / 964 

Goodness-of-fit on F0
2 1.081 

Final R indices [I>2sigma(I)] R1 = 0.0520, wR2 = 0.1417 

R indices (all data) R1 = 0.0598, wR2 = 0.1483 

Largest diff. peak and hole 1.464 and -0.989 e∙Å-3 
  



 

 

Figure SF16. ORTEP representation of K2-EtOAc, ellipsoids at 50% probability. 

  



Table 4. Crystal data and structure refinement for L1-HCl. 

 

Empirical formula  C62 H56 Cl8 N8 O4 

Formula weight  1260.74 

Temperature  270(2) K 

Wavelength  1.54184 Å 

Crystal system  Monoclinic 

Space group  P 21/c 

Unit cell dimensions a = 23.5769(6) Å a= 90°. 

 b = 18.4780(5) Å b= 97.378(3)°. 

 c = 14.1490(4) Å g = 90°. 

Volume 6113.0(3) Å3 

Z 4 

Density (calculated) 1.370 Mg/m3 

Absorption coefficient 3.804 mm-1 

F(000) 2608 

Crystal size 0.3215 x 0.1651 x 0.1234 mm3 

Theta range for data collection 7.435 to 73.809°. 

Index ranges -29<=h<=17, -22<=k<=21, -17<=l<=17 

Reflections collected 25076 

Independent reflections 11964 [R(int) = 0.0244] 

Completeness to theta = 67.684° 99.7 %  

Refinement method Full-matrix least-squares on F0
2 

Data / restraints / parameters 11964 / 68 / 800 

Goodness-of-fit on F0
2 1.042 

Final R indices [I>2sigma(I)] R1 = 0.0527, wR2 = 0.1440 

R indices (all data) R1 = 0.0618, wR2 = 0.1542 

Largest diff. peak and hole 0.845 and -0.714 e.Å-3 
  



 

 

Figure SF16. ORTEP representation of L1-HCl, ellipsoids at 50% probability. 

  



Table 5. Crystal data and structure refinement for (K1)2 (a). 

 

Empirical formula  C146 H176 F12 N18 O6 P2 Ru2 

Formula weight  2764.11 

Temperature  150(2) K 

Wavelength  1.54178 Å 

Crystal system  Monoclinic 

Space group  P 21/n 

Unit cell dimensions a = 25.8355(4) Å a= 90°. 

 b = 23.7914(3) Å b= 110.056(2)°. 

 c = 26.2326(4) Å g = 90°. 

Volume 15146.4(4) Å3 

Z 4 

Density (calculated) 1.212 Mg/m3 

Absorption coefficient 2.399 mm-1 

F(000) 5794 

Crystal size 0.3262 x 0.2562 x 0.0598 mm3 

Theta range for data collection 7.427 to 74.495°. 

Index ranges -32<=h<=30, -24<=k<=29, -32<=l<=32 

Reflections collected 126354 

Independent reflections 30885 [R(int) = 0.0463] 

Completeness to theta = 67.679° 99.7 %  

Refinement method Full-matrix least-squares on F0
2 

Data / restraints / parameters 30885 / 27 / 1659 

Goodness-of-fit on F0
2 1.080 

Final R indices [I>2sigma(I)] R1 = 0.0717, wR2 = 0.1998 

R indices (all data) R1 = 0.0943, wR2 = 0.2167 

Largest diff. peak and hole 1.924 and -1.264 e∙Å-3 
  



 

 

Figure SF17. ORTEP representation of (K1)2 (a), ellipsoids at 50% probability. 

  



Table 6. Crystal data and structure refinement for (K1)2 (b). 

 

Empirical formula  C166 H195 N17 O18 P4 Ru2 

Formula weight  3042.40 

Temperature  180(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P 21/n 

Unit cell dimensions a = 29.1278(5) Å a= 90°. 

 b = 15.1725(4) Å b= 90.825(2)°. 

 c = 38.3664(7) Å g = 90°. 

Volume 16953.9(6) Å3 

Z 4 

Density (calculated) 1.192 Mg/m3 

Absorption coefficient 0.280 mm-1 

F(000) 6408 

Crystal size 0.3322 x 0.181 x 0.0888 mm3 

Theta range for data collection 3.408 to 26.372°. 

Index ranges -36<=h<=35, -14<=k<=18, -46<=l<=47 

Reflections collected 113099 

Independent reflections 34581 [R(int) = 0.0624] 

Completeness to theta = 25.242° 99.7 %  

Refinement method Full-matrix least-squares on F0
2 

Data / restraints / parameters 34581 / 27 / 1795 

Goodness-of-fit on F0
2 0.737 

Final R indices [I>2sigma(I)] R1 = 0.0563, wR2 = 0.1505 

R indices (all data) R1 = 0.1062, wR2 = 0.1650 

Largest diff. peak and hole 1.358 and -0.921 e∙Å-3 
  



 

 

Figure SF18. ORTEP representation of (K1)2 (b), ellipsoids at 50% probability. 

  



 

 

Figure SF19. Quenching of K* with TBACl, TBABr, and TBAI characteristic to methodology applied in this paper. 
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We present the synthesis and a detailed structural and photo-
physical 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 dif-
fraction analysis and NMR spectroscopy, and detailed UV/
Vis and emission spectroscopy studies were performed.
Ir(tmBBI)-Hx shows strong protonation-state-dependent lu-

Introduction
2,2�-Biimidazoles and 2,2�-bibenzimidazoles are interest-

ing ligands for various kinds of metal centers. The depro-
tonation of their planar ortho-diamine framework causes an
increase of σ-donor strength and a decrease of π-acceptor
strength.[1–3] Herein, an interesting feature is provided that
allows switching of the ligand-field strength and, therefore,
the photophysical and electrochemical features of the metal
complex with the pH of the matrix.[4] Bibenzimidazole com-
plexes of photoactive bis(bipyridine)ruthenium(II) com-
plexes have been investigated widely with respect to their
hydrogen-bonding and anion-sensing properties. Ye and co-
workers have confirmed the capability of biimidazole com-
plexes to act as hydrogen-bond donors through NMR and
UV/Vis spectroscopy.[5–7] The absorption features in the vis-
ible region change significantly upon deprotonation or
hydrogen bonding to fluoride or acetate ions. In their fully
deprotonated state, these complexes act as metalloligands,
that is, the deprotonated biimidazole sphere can bind a sec-
ond metal center such as zinc(II), nickel(II), or cop-
per(I).[1,2,8,9] The binding of these metal centers results in
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minescence and is luminescent in all three of its protonation
states, which allows for protonation-state-dependent color
tuning from the green to blue spectral region. The dia-
stereomeric meso and rac forms of the dinuclear Ir(tmBBI)-
Ir could be separated by fractional crystallization and both
showed strong luminescence. A comparison with structurally
related ruthenium complexes showed pronounced differ-
ences in their photophysical properties.

significant changes to their photophysical properties. This
feature, which can be observed for various kinds of bi-
(benz)imidazole metal complexes, is of paramount impor-
tance for this and further studies, as it can provide a spec-
troscopic tool for the direct observation of proton release
from these molecules.[10] The versatile applicability of these
complexes is dampened by the fact that only the fully pro-
tonated complexes exhibit appreciable luminescence. De-
protonation clearly opens a significant deactivation path-
way for these complexes, which limits their value for photo-
chemical applications.

It is important to mention that the ligand-centered
metal-to-ligand charge-transfer (3MLCT) excited states of
bis(bipyridine)ruthenium(II)bibenzimidazole complexes are
located exclusively on the bipyridine ligands.[11] Nonradia-
tive deactivation is possible through variation of the ruth-
enium-based ground state.[12]

In contrast, the triplet excited states of bis(phenylpyrid-
ine)iridium(III) chromophores generally exhibit a strong
mix of ligand-centered and metal-centered states. Further-
more, the greater ligand-field stabilization energy of third-
row elements imparts an important advantage to IrIII com-
plexes over RuII complexes. For the second-row elements,
the direct population of the triplet metal-centered (3MC)
excited state can result in light-induced ligand loss. Conse-
quently, IrIII compounds should in general exhibit greater
photostability than their RuII analogues.[13]

In this regard, a change from ruthenium(II) to iridi-
um(III) chromophores appeared to be a promising ap-
proach to connect the switching properties of a bibenzimid-
azole chromophore with the more sophisticated lumines-
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cence of bis(phenylpyridine)iridium(III) complexes.
Furthermore, iridium(III) bibenzimidazole complexes are
active photosensitizers in water photoreduction.[14–18]

Wenger et al. have presented fundamental work on the
photochemistry and photoacidic behavior of a bis(phenyl-
pyridine)iridium(III) biimidazole complexes with a focus on
proton-coupled electron-transfer events. The complexes
forms hydrogen-bonded 1:1 adducts with benzoate anions
and could not be deprotonated when an excess of benzoate
anion was added. The photoexcitation of the metal complex
in the presence of 3,5-dinitrobenzoate triggers a proton-
coupled electron transfer.[10,19]

Here, 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�-bibenz-
imidazole [Ir(tmBBI)-Hx] and its homodinuclear complex
Ir(tmBBI)Ir (Figure 1). Emission spectroscopy proved to be
a powerful method to elucidate the sensitive switch of the
electronic structure of Ir(tmBBI-Hx) upon protonation and
deprotonation processes. The presented mononuclear com-
plex Ir(tmBBI)-Hx shows promising luminescence proper-
ties in all three of its protonation states with protonation-
state-dependent shifts for the luminescence wavelength. In
contrast to that of its ruthenium(II) analogues, its lumines-
cence is not only retained during successive deprotonation
but also increases significantly in intensity after deproton-
ation. Furthermore, the presented dinuclear complex shows

Figure 1. Schematic representation of the building block presented
in this work.

Scheme 1. Schematic representation of the complexes discussed in this paper.

Eur. J. Inorg. Chem. 2015, 3730–3739 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3731

impressive luminescence characteristics in comparison to
those of its homodinuclear ruthenium analogue.

Results and Discussion

Synthesis and Characterization of the Complexes

The cyclometalated IrIII μ-chloro-bridged dimer [(ppy)2-
Ir(μ-Cl)2Ir(ppy)2] (1, ppy = 2-phenylpyridine) was synthe-
sized according to the Nonoyama route by heating
IrCl3·3H2O with 2.5 equiv. of the ligand (2-phenylpyridine)
in a mixture of 2-ethoxyethanol and water under reflux.[20]

The mononuclear complex (ppy)2Ir(tmBBI-H2) [Ir(tmBBI)-
H2] was obtained by heating the ligand 4,4�,5,5�-tet-
ramethyl-2,2�-bibenzimidazole (tmBBI-H2, 2) with the cy-
clometalated precursor 1 and a catalytic amount of formic
acid in a mixture of ethanol/water (5:2) under reflux. After
purification through size-exclusion chromatography and
recrystallization, Ir(tmBBI)-H2 was obtained as its hexaflu-
orophosphate salt in a considerable yield (76.6%). The prin-
ciple structural characterization of the complex was
achieved by 1H and 13C NMR spectroscopy, elemental
analysis, and mass spectrometry. The observed ESI-MS sig-
nal at m/z = 790 appertains to the monodeprotonated mo-
lecular cation Ir(tmBBI)-H. The 1H NMR spectrum of
Ir(tmBBI)-H2 provides all of the expected signal sets of ppy
coordinated to the IrIII center together with a peripheral
bidentate ligand. Notably, the aromatic 4��-/7��-H signals of
the tmBBI-H2 ligand (2) are particularly sensitive to the
coordination geometry. Similarly to that of the analogous
ruthenium bipyridyl complex [(tbbpy)2Ru(tmBBI)-H2]-
[PF6]2 (R3, tbbpy = 4,4�-di-tert-butyl-2,2�-bipyridine), the
4��-H signal of 1 in dimethyl sulfoxide (DMSO; δ =
5.74 ppm) is highly shielded owing to its spatial proximity
to the pyridyl ring of the phenylpyridine ligand. Therefore,
its signal is highfield shifted by 1.76 ppm with respect to
that of 7��-H (δ = 7.50 ppm; see Scheme 1 and Figure 2).

In contrast to 2,2�-bipyridine and 1,10-phenanthroline,
2,2�-bibenzimidazole can act as a bridging ligand to coordi-
nate a second metal center after deprotonation or bind
anions through hydrogen bonding in its protonated form.[1]

Therefore, the deprotonated complex Na-Ir(tmBBI) was
synthesized by stirring the protonated complex Ir(tmBBI)-
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Figure 2. Characteristic 1H NMR signals of Ir(tmBBI)-H2 and Na-
Ir(tmBBI) in [D6]DMSO in the aromatic region (c = 2.345 mmol/
L). The bibenzimidazole-related signals are marked with a star. The
complete 1H NMR spectra and the numbering scheme are depicted
in the Supporting Information.

H2 in methanol with excess sodium hydroxide, and the com-
plex was characterized by 1H NMR and optical spec-
troscopy in dimethyl sulfoxide or chloroform, respectively.
In general, the separation of the NMR signals is strongly
solvent-dependent.[1] For Ir(tmBBI)-H2, a signal for the two
NH protons is observed at δ = 11.5 ppm in chloroform,
whereas no signal can be observed in dimethyl sulfoxide.
The clearly visible NH signal of Ir(tmBBI)-H2 in chloro-
form disappears upon titration of a solution of the fully
protonated complex with tetrabutylammonium hydroxide
(TBAOH), and TBA-Ir(tmBBI) did not show any NH sig-
nal (see Supporting Information and Figure 1). However,
no significant protonation-state-dependent shifts of the 1H
NMR signals could be observed in chloroform. In deuter-
ated DMSO, deprotonation leads to significant shifts of the
7��-/4��-H and 8��-/9��-H signals. In particular, the signifi-
cant shift of the 7��-H signal in the 1H NMR spectra by ca.
0.4 ppm is strong evidence for twofold deprotonation. This
shift can be ascribed to the higher charge density on the
deprotonated bibenzimidazole ligand, which leads to an in-
creased shielding of the hydrogen atoms located on the
phenyl ring of the complex.

The dinuclear complex was synthesized by treating an
equimolar amount of the ligand tmBBI-H2 and precursor
1 in dimethylformamide and triethylamine (5:2) in a micro-
wave reaction.[9] Ir(tmBBI)Ir represents a neutral complex.

The combination of two octahedral complex fragments
in one molecule leads to three diastereomeric isomers: the
meso form ΔΛ as well as the ΔΔ and ΛΛ isomers, the race-
mic mixture of which is referred to as rac.[1] The 1H NMR
spectra of the mixture (see Figure 3) show a typical signal
set for a stereoisomeric pair. The rac and meso stereoiso-
mers were separated by fractional crystallization, and their
characteristic 1H NMR signals are depicted in Figure 3. In
contrast to corresponding signals for Ir(tmBBI)-H2 (Fig-
ure 2, top), the signals for 4��-H and 7��-H coalesce as
doublet, which is shifted by ca. 0.1 ppm upfield with respect
to that of 4��-H in the monomer and indicates a symmetric
NMR spectrum. Furthermore, the protons of the CH3

groups of the BBI ligand give one upfield-shifted signal in

Eur. J. Inorg. Chem. 2015, 3730–3739 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3732

the aliphatic region, which confirms the coordination of an
identical second iridium moiety. In the respective homodi-
nuclear ruthenium complex [{(tbbpy)2Ru}2(tmBBI)][PF6]2
(R2) or the strongly related [{(dmbpy)2Ru}2(bpym)]4+

(dmbpy = 4,4�-dimethyl-2,2�-bipyridine, bpym = 2,2-bipyr-
imidine) the signals for one pyridine system remain virtually
unchanged in both forms.[1,21] However, the signals of two
protons of the other pyridine moiety are shifted consider-
ably upfield in the spectrum of the rac fraction compared
with that of the meso form.[1] In our system, the signals of
the benzene moiety remain virtually unchanged, whereas
the signals for H-3 and H-4 of the pyridine ring are shifted
significantly upfield. These results can be explained in terms
of a greater anisotropic effect from the ring current of the
adjacent phenylpyridine system experienced by 3-H and 4-
H, which are directly above the bridging ligand and, there-
fore, significantly shifted upfield. Furthermore, we were
able to calculate a ratio for the meso and the rac form to
be approximately 1:1 for the mixture of both complexes by
integration of the signals in the aromatic region of the 1H
NMR spectrum.

Figure 3. Characteristic signals in the 1H NMR spectra of
Ir(tmBBI)Ir in [D6]DMSO.

The 1H NMR spectrum of the first separated fraction
was assigned to the meso form as crystals suitable for X-ray
diffraction could be obtained from the purified fraction by
slow evaporation of a solution of the complex in dimethyl
sulfoxide/dichloromethane/ethyl acetate. The 1H NMR data
are summarized in Table 1.

Several examples of bibenzimidazole complexes of ruth-
enium and their structural characterization have been de-
scribed. By exploiting the hydrogen-bond donor activity of
bibenzimidazole toward water, it was shown that these com-
plexes are part of an assembly of highly spatially ordered
arrays of mononuclear ruthenium bibenzimidazole com-
plexes. Furthermore, the nature of the hydrogen-bonding
activity of these complexes can be reversed from donor to
acceptor by deprotonation of the secondary amine group,
and in principle there are strong interactions with anions
such as fluoride and acetate or weaker interactions with
other halides.[1,2,5–8,22,23] Therefore, we attempted to grow
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Table 1. 1H NMR spectroscopic data [ppm] of Ir(tmBBI)-H2, Na-Ir(tmBBI), Ir(tmBBI)Ir meso, and Ir(tmBBI)Ir rac in [D6]DMSO.

Proton: 6 6� 3 5 7�� 5� 4 4� 3� 4�� 9�� 8��

Ir(tmBBI)-H2 8.17 7.91 7.82 7.68 7.55 7.12 7.09 6.94 6.41 5.75 2.25 1.94
Na-Ir(tmBBI) 8.06 7.83 7.65 7.69 7.16 7.00 6.98 6.86 6.46 5.60 2.15 1.86
Ir(tmBBI)Ir meso 8.06 7.81 7.94 7.72 5.66[a] 6.89 7.20 7.00 6.51 5.66[a] 1.83[a] 1.83[a]

Ir(tmBBI)Ir rac 8.12 7.83 7.53 7.77 5.64[a] 6.85 6.88 7.00 6.44 5.64[a] 1.82[a] 1.82[a]

[a] Owing to multiple peak overlap no assignment is possible.

single crystals from an aqueous system (DMSO/water) to
provide a closer view of the hydrogen-bond properties of
Ir(tmBBI)-Hx (x = 1, 2). The obtained structure revealed
the singly protonated, neutral complex Ir(tmBBI)-H with a
hydrogen-bond network that consists of two water mo-
lecules and two terminating molecules of DMSO (see Fig-
ure 4).

In Table 2, the bond lengths and angles of Ir(tmBBI)-H,
Ir(tmBBI)Ir, [(Me-ppy)2Ir(biimH2)]+ (R1), [{(tbbpy)2Ru}2-
(μ-tmBBI)][PF6]2 (R2), and [(tbbpy)2Ru(tmBBI-H2)][PF6]2
(R3) are shown. The numbering schemes for Ir(tmBBI)-H
and Ir(tmBBI)Ir are depicted in Figures 4 and 5, respec-
tively; all others can be found in the Supporting Infor-
mation.

The phenylpyridine ligands are oriented with the cyclo-
metalated phenyl ring in the trans position with respect to
the bibenzimidazole ligand. This observation is in agree-
ment with other known bis-heteroleptic bis(phenylpyridine)-
iridium(III) complexes.[24]

In the solid-state structure of Ir(tmBBI)-H two water
molecules are hydrogen bonded to the secondary amine
functions of the bibenzimidazole core in a conventional
manner.[1,5,22,25–28] Owing to the good quality of the data
obtained, we were able to locate the protons accurately in
the hydrogen-bond framework. The position of the amine
proton was assigned with respect to a well-defined Q-peak
in an early stage of the refinement. Owing to the uncer-
tainty for the positional parameters of hydrogen atoms,
however, it was added to the structure by using the appro-
priate HFIX command.

Bibenzimidazole ruthenium complexes form hydrogen
bonds with bidentate H-bond acceptors, for example, in the
presence of water and PF6 ions, carboxylic acids, or
CF3SO3 anions.[5,28,29] Here, the peripheral nitrogen atoms
form twofold, complementary hydrogen bonds with two
water molecules. The H-bond framework is capped by two
molecules of dimethyl sulfoxide. The protonated and depro-
tonated amine functions of the complex fulfil a hydrogen
donor and acceptor function simultaneously. In addition,
the distances between the N and O atoms [dN···O = 2.80(1)
or 2.77(1) Å] evidence that the hydrogen bridges are well-
defined.

Many bibenzimidazole complexes, including the refer-
ence complexes R1, R2, and R3, show a distorted octahe-
dral coordination geometry. The same geometry could also
be stated for the mononuclear iridium(III) complex pre-
sented in this work by comparison of the different bond
lengths to the various ligands and the deviation of the
angles from 180° [�(N5–Ir1–N4) 174.37(11)°, �(C38–Ir1–
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Figure 4. Top: schematic depiction of the solid-state structure of
[(ppy)2Ir(tmBBI-H)]·2[H2O]·2[C2H6OS] with the characteristic
bending angle of the bibenzimidazole ligand inscribed. Bottom: so-
lid-state structure of the hydrogen-bond framework of [(ppy)2-
Ir(tmBBI-H)]·2[H2O]·2[C2H6OS] (ellipsoids at 50% probability
level; the hydrogen atoms that are not involved in the hydrogen-
bond framework are omitted for clarity; R1 = 0.0625, wR2 =
0,1565).

N3) 170.73(11)°, and �(C27–Ir1–N1) 170.64(11)° for
Ir(tmBBI)Ir]. In addition, the angles �(N3–Ir1–N1)
79.49(9)°, �(C27–Ir1–N4) 80.63(12)°, and �(C38–Ir1–N5)
80.62(12)° are smaller than 90° and, therefore, demonstrate
a distorted octahedral geometry. In the dinuclear complex
Ir(tmBBI)Ir (Figure 5), the bridging ligand binds both
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Table 2. Selected bond lengths [Å] and angles [°] of Ir(tmBBI)-H, Ir(tmBBI)Ir, R1, R2, and R3. The numbering scheme is according to
that depicted in Figure 2.[1,10]

Ir(tmBBI)Ir [(Me-ppy)2Ir(biimH2)]+ (R1) Ir(tmBBI)-H [{(tbbpy)2Ru}2(μ- [(tbbpy)2Ru(tmBBI-H2)][PF6]2
tmBBI)][PF6]2 (R2) (R3)

Ir1–N1 2.201(3) Ir-N1c 2.169(3) Ir–N1 2.138(8) Ru1–N1 2.124(3) Ru1–N2 2.102(5)
Ir1–N3 2.177(2) Ir–N4c 2.161(3) Ir–N2 2.136(8) Ru1–N2 2.128(3) Ru1–N1 2.110(4)
Ir1–N4 2.038(3) Ir–N1a 2.042(3) Ir–N4 2.061(8) Ru1–N5 2.032(3) Ru1–N6 2.052(5)
Ir1–C27 2.005(3) Ir–C11a 2.019(3) Ir–C10 2.015(1) Ru1–N6 2.043(3) Ru1–N5 2.042(4)
Ir1–N5 2.037(3) Ir–N1b 2.052(3) Ir–N3 2.039(7) Ru1–N8 2.051(3) Ru1–N8 2.059(4)
Ir1–C38 2.007(3) Ir–C11b 2.009(4) Ir–C11 1.990(1) Ru1–N7 2.028(3) Ru1–N7 2.058(4)
N3–Ir1–N4 79.49(9) N4c–Ir–N1c 75.88(10) N1–Ir1–N2 76.0(3) N2–Ru1–N1 81.05(12) N1–Ru1–N2 77.66(12)
C27–Ir1–N4 80.63(12) C11a–Ir–N1a 80.92(12) C10–Ir1–N4 80.6(4) N6–Ru1–N5 78.54(13) N6–Ru1–N5 79.01(18)
C38–Ir1–N5 80.62(12) C11b–Ir–N1b 80.07(13) C11–Ir1–N3 81.5(4) N7–Ru1–N8 78.54(13) N7–Ru1–N8 78.93(17)
N5–Ir1–N4 174.37(11) N1b–Ir–N1a 174.44(12) N4–Ir1–N3 174.0(3) N7–Ru1–N5 176.34(14) N5–Ru1–N8 95.54(17)
C38–Ir1–N3 170.73(11) C11a–Ir–N4c 172.04(11) C11–Ir1–N2 171.2(4) N6–Ru1–N2 169.58(13) N7–Ru1–N2 93.19(18)
C27–Ir1–N1 170.64(11) C11b–Ir–N1c 171.93(11) C10–Ir1–N1 172.4(4) N7–Ru1–N1 168.89(13) N6–Ru1–N6 97.79(18)

N6–C5–C4 130.3(8) N3–C7–C8 129.7(5)
N5–C4–C5 128.7(9) N4–C8–C7 130.3(5)
N1–C5–C4 116.0(8) N1–C7–C8 117.4(5)
N2–C4–C5 116.2(8) N2–C8–C7 116.8(5)
deviation α 166.12 deviation α 167.1

Figure 5. Crystal structure of Ir(tmBBI)Ir; hydrogen atoms and sol-
vent molecules are omitted for clarity.

metal centers equally; therefore, no torsion was determined,
which is in agreement with the respective ruthenium(II) di-
mer [{(tbbpy)2Ru}2(μ-tmBBI)][PF6]2 (R2). This linear ar-
rangement is present in homodinuclear complexes, whereas
some structures have the bibenzimidazole slightly bent
around the metal core. As expected, a similar trend could
be observed in the investigated Ir(tmBBI)-H, in which the
bibenzimidazole ligand shows a bending angle of 166.12°,
which correlates nicely with similar ruthenium or iridium
biimidazole complexes, in which the bending angles are
(165.9�0.7)°.[2,10,29,30]

The distances between the metal core and the bibenz-
imidazole ligand X–NBBI (X = RuII or IrIII) are depicted in
Table 2. The bi(benz)imidazole ligand always exhibits
longer distances to the metal core than the distances for
the comparable ligands phenylpyridine or bipyridine.[1,10] In
Ir(tmBBI)-H, the bond lengths d(Ir–NtmBBI) of the iridium
core to the nitrogen atoms of the bibenzimidazole ligand
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are longer [d(Ir–N1) = 2.138(8) Å and d(Ir–N2) = 2.136(8) Å]
than the Ir–N Ir–C bond lengths to both phenylpyridine
ligands [d(Ir–C11) = 1.990(1) Å, d(Ir–C10) = 2.015(1) Å, d(Ir–N3)

= 2.039(7) Å d(Ir–N1) = 2.138(8) Å]. Therefore, on the basis
of the data for R1, R2, and R3, it is apparent from the
crystal structure that the phenylpyridine ligands bind more
strongly to the iridium metal core than the peripheral li-
gand tmBBI-H.

Furthermore, the structural analysis results imply that
the bonding interaction between the metal core and the
bridging bibenzimidazole ligand weakens from the mono-
nuclear to the dinuclear complexes for both iridium and
ruthenium. If bibenzimidazole is a bridging ligand it has to
be doubly deprotonated and becomes a much stronger σ
donor.[31,32] The increased σ-donor strength probably
causes a decrease of the acceptor abilities. However, as for
the previously reported ruthenium complexes, the differ-
ences in the ligand properties cannot fully explain the dif-
ferences in the bond lengths for the mono- and dinuclear
complexes.[1]

Photophysical Characterization

The photophysics of ruthenium(II) bibenzimidazole
complexes is determined by the protonation state of the bi-
benzimidazole ligand. Under irradiation, twofold-proton-
ated ruthenium bibenzimidazole complexes (e.g., R3) show
luminescence, whereas their emission is completely
quenched after full deprotonation. This behavior is not
found for related iridium-based compounds.

Cai and co-workers investigated a very closely related
pair of monodeprotonated mononuclear and dinuclear
compounds {[Ir(tfmppy)2]2}xBiBzIm {x = 1, (R4), 2 (R5);
tfmppy = 2-[4-(trifluoromethyl)phenyl]pyridine, BiBzIm =
2,2�-bibenzimidazole}. On the basis of these results, the
UV/Vis and emission properties of Ir(tmBBI)-Hx (x = 0, 1,
2) in its different protonation states were investigated (see
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Figure 6). The absorption properties of Ir(tmBBI)-Hx (x =
0, 1, 2) are virtually unchanged irrespective of the proton-
ation steps. An intense band in the UV region was ascribed
to spin-allowed 1π–π* transitions localized on both coordi-
nated aromatic ligands through reference to the previously
well-established photophysical properties of iridium(III) di-
amine complexes.[15,33–41] The nature of the absorption
bands between λ=300 and 450 nm is best described as a
mixture of spin-allowed charge-transfer (1CT) transitions
that contain contributions from both dπ �π*tmBBI metal-
to-ligand charge-transfer (1MLCT) and πppy � π*tmBBI li-
gand-to-ligand charge-transfer (1LLCT) transitions. How-
ever, on the basis of investigations on the related complex
[(ppy)2Ir(bpy)]+ (bpy = 2,2�-bipyridine; R6), the major con-
tribution to the absorption band at λ = 380 nm should be
a mixed dπ �π*ppy

1MLCT and a ligand-centered π� π*
(LC) transition of the ppy ligand.[42] The lower-energy band
at λ = 450–550 nm can be associated with direct excitation
into the 3MLCT, which is, however, mixed with the 3π–π*
transition. This assignment is based on the observation of
similar absorptions for corresponding iridium complexes.[43]

However, unlike Ru(bpy)3
2+, for which the MLCT bands

are spectrally well separated from intraligand absorptions
(IL), no clear isolated MLCT bands can be observed for
the iridium(III) complexes investigated in this work.[43,44]

This complicates the detection of a trend for the effect of
protonation on the MLCT energy through absorption mea-
surements only. In Ir(tmBBI)-H2 and the related well-estab-
lished R6, ill-defined MLCT transitions are observed as
shoulders at λ = 439 [Ir(tmBBI-H2)] and 477 nm (R6) in
the absorption spectra.[45] Furthermore, a second mixed IL/
MLCT transition is bathochromically shifted (348 nm)
compared that of the ruthenium analogue R6 (337 nm). The
reason is the stronger σ-donor character of BBI, which in-
creases the electron density of the iridium core and, there-
fore, facilitates the transition to a phenylpyridine ligand. In
the diprotonated states of the complex, a well-defined

Figure 6. UV/Vis and emission spectra of Ir(tmBBI)-Hx in chloro-
form (c = 5�10–6 m; excitation at 378 nm); the different proton-
ation states were observed in pure chloroform for Na-Ir(tmBBI)
(dotted), upon the addition of aqueous HCl [for Ir(tmBBI)-H, solid
line] and aqueous HPF6 [for Ir(tmBBI)-H2, dash-dot].
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shoulder is present at λ = 378 nm; the absence of this shoul-
der for the completely deprotonated state indicates that pro-
tonation has a very small effect on the absorption. On the
basis of DFT calculations, Cai and co-workers stated that
the electronic distribution between the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecu-
lar orbital (LUMO) in this type of iridium complexes refers
to charge separation. The HOMO accordingly differs de-
pending on the strength of the bonding properties of the
ligand backbones. In a dinuclear BBI complex (e.g., R5),
the HOMO is formed mainly from a combination of Ir 5d
orbitals and the entire conjugated system of the BBI bridg-
ing ligand, whereas the HOMO for the monodeprotonated
mononuclear complex R4 originates from a combination of
Ir 5d orbitals and the deprotonated half of the bibenzimid-
azole ligand only.[15] Therefore, the protonation state effects
the contribution of the bibenzimidazole ligand to the
HOMO in this type of complex.

As the UV/Vis spectra of the IrIII bibenzimidazole com-
plexes are not affected significantly by the protonation
state, we focus on the protonation-state-related changes in
the emission spectra. During this investigation, it became
apparent that the protonation state of the bibenzimidazole
ligand is strongly dependent on the solvent used. In most
protic and aprotic solvents (e.g., methanol, acetonitrile,
tetrahydrofuran), the partial deprotonation of Ir(tmBBI)-
H2 occurred. The solvent dependency of the photophysical
properties of this complex is indicative of emission from
MLCT excited states.[45] Finally, the protonation state is un-
affected in chloroform; thus, this solvent was applied for
the photophysical measurements.

The emission behavior changed significantly upon depro-
tonation. All three protonation steps show a structured
emission band, indicative of an emissive excited state with
mixed MLCT and π–π* intraligand (IL) character, as is fre-
quently observed for cyclometalated Ir complexes and re-
cently reported for an iridium biimidazole com-
plex.[10,38,46–48] The doubly protonated complex Ir(tmBBI)-
H2 shows a structured emission band with two clear max-
ima (λ = 521 and 559 nm) and one shoulder at λ ≈ 612 nm,
which can be completely regenerated from the deprotonated
forms Ir(tmBBI)-Hx (x = 0, 1) in solution upon the addition
of aqueous HPF6, a procedure that has been successful with
structurally related ruthenium complexes.[8] Upon single de-
protonation, the emission is shifted hypsochromically with
a slight decrease of the luminescence intensity. Again, the
emission consists of two maxima (λ = 508 and 548 nm, the
right is one flattened) and one shoulder at λ = 589 nm.
Moreover, the emission of the completely deprotonated
complex is shifted further into the blue region and only
consists of one distinct maximum (λ = 494 nm) and a ta-
pered shoulder (λ = 519 nm).

The most attractive and astonishing feature of this bi-
benzimidazole complex is that it does not lose its emission
during deprotonation. Furthermore, the intensity increases
after twofold deprotonation. This is in contrast to the emis-
sion of the ruthenium complexes, for which the lumines-
cence decreases during deprotonation and disappears for
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the fully deprotonated form.[1] Deprotonation is a signifi-
cant deactivation pathway for these complexes and, there-
fore, limits their value for photochemical applications.

A comparison of Ir(tmBBI)-Hx with the recently pre-
sented biimidazole complex [(Me-ppy)2Ir(biimH2)]+ (R1)
from Wenger and co-workers is interesting.[10] Both systems
show similar absorption properties in the wavelength region
above 380 nm, and the main contribution originates from a
mixed dπ�π*ppy

1MLCT and ligand-centered π �π* (LC)
transition of the ppy ligand. However, a big difference in
the range λ = 300–380 nm can be seen. Although the elec-
tronic transitions of the bibenzimidazole ligand of
Ir(tmBBI)-Hx are clearly visible and lead to an intense ab-
sorption band, this contribution is negligible for the biimid-
azole complex R1. A further remarkable difference can be
seen in the emission properties of both complexes upon de-
protonation, after which inverse behavior is observed. The
deprotonation of Ir(tmBBI)-Hx leads to a hypsochromic
shift, whereas a shift into the blue is observed for R1. In
general, the emission range of this type of iridium com-
plexes strongly depends on the type and the functionaliza-
tion of the ligands used.[49]

A pronounced difference in the photophysical behavior
of ruthenium and iridium complexes can be seen in the
emission properties of the mononuclear complex and the
dinuclear compound Ir(tmBBI)Ir. Both the position and the
shape of the emission and absorption spectra of the dinu-
clear complex exhibit features observed in the twofold-de-
protonated Na-Ir(tmBBI) and the partially deprotonated
Ir(tmBBI)-H. The absorption spectra of the dinuclear and
mononuclear complexes are similar in terms of their shape
in the visible region, but the emission of Ir(tmBBI)Ir is
twice as intense as that of Ir(tmBBI)-H2; therefor, the inten-
sity corresponds with the number of independent iridium
metal cores (see Figure 7). Similar results were reported by
Cai and co-workers.[15]

Figure 7. Photophysical properties of Ir(tmBBI)-H2 (solid) and
Ir(tmBBI)Ir (mixture of rac and meso, dashed) in chloroform (c =
5�10–6 m).

In the absorption spectra, a shoulder is observed at λ ≈
450 nm, which is bathochromically shifted compared to that
of Ir(tmBBI)-H2 because the two iridium centers withdraw
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electron density from the BBI ligand and, thus, facilitate a
transition into the π* orbital. Furthermore, a small peak
that indicates a protonated state of Ir(tmBBI)-Hx (x = 1, 2)
arises at λ ≈ 374 nm but is slightly shifted hypsochromically
(4 nm) owing to the influence of both iridium centers.

Regarding the emission of the complexes in Figure 7,
both display vibronically structured emission bands with
similar shapes, but the intensity of Ir(tmBBI)Ir is approxi-
mately twice that of Ir(tmBBI)-H2 at identical concentra-
tion (Figure 7). This is in good agreement with the expecta-
tion for the introduction of a second iridium center. The
shape of the emission spectrum resembles that of Na-
Ir(tmBBI), but the position of the peak is shifted slightly
bathochromically to λ = 499 nm with a tapped shoulder at
524 nm. This change in maximum emission indicates that
the formation of the dinuclear complexes exerts an influ-
ence on the energy of the emissive states. Compared to the
results for the dinuclear ruthenium complexes, for which
significant luminescence quenching occurs, the high emis-
sion intensity of the iridium(III) dinuclear complex is a sig-
nificant advantage regarding its range of applications such
as its use as a photocenter in photocatalytic reactions.[15]

To elucidate more details about the luminescence proper-
ties of the fully protonated complex Ir(tmBBI)-H2, the fully
deprotonated complex Na-Ir(tmBBI), and the dinuclear
complex Ir(tmBBI)Ir, time-resolved emission studies with a
streak camera were performed. The excited-state lifetimes
for all three complexes are ca. 50 ns in oxygen-equilibrated
chloroform solutions and, thus, are very similar to the life-
times previously observed for other cyclometalated iridium
complexes.[24,34–36,38,39,50,51] This again contrasts with the
behavior observed for the related ruthenium complexes, for
which the respective dinuclear species consistently show sig-
nificantly shorter lifetimes than those of their mononuclear
counterparts (see Table 3). For the fully protonated com-
plex Ir(tmBBI)-H2, a second emission with a lifetime of
329 ns is observed. The time profile of the emission spectra
for Ir(tmBBI)-H2 is very intriguing. In contrast to the spec-
tra of the other two complexes, a pronounced shoulder is
visible in the blue part of the spectrum for short decay times
with a maximum at λ ≈ 488 nm. A broad spectrum with
two maxima at λ = 518 and 558 nm appears at longer delay
times, and the high-energy feature vanishes (Figures 8 and
9). These low-energy features are not observable for the di-
nuclear complex or the deprotonated complex. Clearly, a
far more complicated photochemical behavior is apparent
for Ir(tmBBI)-H2.

Table 3. Photochemical data of the investigated iridium complexes
and two related ruthenium compounds.[1]

Solvent[a] Absorption Emission Lifetime
λmax [nm] λmax [nm] [ns]

Ir(tmBBI)-H2
+ CHCl3 378 521/559 44 (329)

Na-Ir(tmBBI) CHCl3 377 494 57
Ir(tmBBI)Ir CHCl3 375 499 50
[(*bpy)2]2RuBBI CH3CN 510/510 700/500 50/60
(*bpy)2Ru(BBI-H2) CH3CN 473 648 120

[a] Air-equilibrated.
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Figure 8. Smoothed time-resolved emission spectra of Ir(tmBBI)-
H2 at different delay times (see Experimental Section and Support-
ing Information).

Figure 9. Individual emission spectra of Ir(tmBBI)-H2 (raw data:
grey tones, the colored curves are smoothed; see Experimental Sec-
tion for details) with respective lifetimes obtained from a global fit
of the two-dimensional streak camera dataset.

Conclusions

To the best of our knowledge, this work represents the
first crystallographic investigation of the supramolecular
aspects of an iridium bibenzimidazole complex. The nature
of the hydrogen-bonding activity of iridium bibenzimid-
azole complexes can be reversed from donor to acceptor by
deprotonation of the secondary amine function.

The dependency of the principal photophysics of iridi-
um(III) bibenzimidazole complexes on the protonation
state was investigated. The mononuclear complex
Ir(tmBBI)-Hx (x = 0, 1, 2) is luminescent in all three of its
protonation states, and its emission is very sensitive owing
to the mostly unstable protonation state. This is in contrast
to ruthenium(II) bibenzimidazole complexes, for which de-
protonation leads to the complete quenching of the emis-
sion. Furthermore, the emission color can be tuned from
yellow to green by successively deprotonating the complex;
therefore, a varied emission region between 494 and 700 nm
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is possible. This luminescent character renders this complex
a convenient candidate for applications in photocatalysis,
organic light-emitting diode (OLED) technology (e.g., as a
chromophore), and even in anion sensing.[5–7,14–16] Prelimi-
nary time-resolved emission investigations showed the ex-
pected complex behavior for the Ir(tmBBI)-H2 chromo-
phore. Here, a short-lived high-energy emitting state pro-
gresses to a long-lived lower-energy excited state. This be-
havior has not been observed for the fully deprotonated
complex or the dinuclear complex.

The deprotonated complex Na-Ir(tmBBI) represents a
very reactive metalloligand, and the introduction of a sec-
ond metal core is possible. By using two-dimensional NMR
spectroscopy, it was also possible to prove that two dia-
stereomeric forms of the homodinuclear complexes exist
[Ir(tmBBI)Ir meso and Ir(tmBBI)Ir rac] and can be sepa-
rated.

The crystal structure of the dinuclear Ir(tmBBI)Ir (meso
form) was presented and compared with those of the mono-
nuclear Ir(tmBBI)-H and three reference compounds.

Furthermore, Ir(tmBBI)Ir is highly luminescent, in con-
trast to its homdinuclear ruthenium analogue, for which lu-
minescence quenching occurs.

Experimental Section
Reactants and Methods: 4,4�,5,5�-Tetramethyl-2,2�-bibenzimidazole
(2) and tetrakis(2-phenylpyridine-C2,N)bis(μ-chloro)diiridium(III)
(1) were synthesized according to published procedures.[52–54]

Technical-grade solvents were purchased from VWR/Prolabo and
redistilled under reduced pressure at 40 °C. Spectroscopic-grade
methanol, dichloromethane, chloroform, and acetonitrile for spec-
troscopic measurements were purchased from Roth. All chemicals
were purchased from Merck Millipore, Sigma–Aldrich, ABCR,
Acros Organics, Alfa Aesar, or VWR/Prolabo and used as pur-
chased (�95%). Inert reactions were performed under an Argon
4.6 atmosphere by standard Schlenk techniques. Microwave-as-
sisted syntheses were performed with a MLS START 1500 instru-
ment. Size-exclusion chromatography was performed with Se-
phadex LH-20 (purchased from Pharmacia Fine Chemicals AB,
Uppsala, Sweden) as the stationary phase (particle size 25–
100 μm). The 1H NMR spectra were recorded at ambient tempera-
ture unless otherwise stated with Bruker 400 and 500 MHz spec-
trometers. All spectra were referenced to the corresponding solvent
residual signals (i.e., δ = 1.940 ppm for acetonitrile, 7.260 ppm for
chloroform, 5.320 ppm for dichloromethane, and 4.870 ppm for
methanol). Mass spectra were recorded with Finnigan MAT SSQ
710 and Thermoquest-Finnigan MAT 95XL instruments. Elemen-
tal analysis was performed with an Elementar vario MICRO cube
analyzer.

The intensity data for Ir(tmBBI)Ir were collected with a Bruker-
Nonius Kappa CCD diffractometer by using graphite-monochro-
mated Mo-Kα radiation (λ = 0.71073 Å). The intensity data for
Ir(tmBBI)-H were collected with an Oxford Diffraction Supernova
dual source diffractometer with a CCD detector by using Cu-Kα

radiation (λ = 1.54178 Å). The data were corrected for Lorentz and
polarization effects, and a semi-empirical absorption correction
based on multiple scans was applied with SADABS.[56] The struc-
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tures were solved by direct methods (SHELXS2013)[55] and refined
by full-matrix least-squares techniques against Fo

2 (SHELXL-
2013).[55] All hydrogen atoms were placed in positions of optimized
geometry. Mercury 3.3 (Build RC5) was used for structure repre-
sentations.

The two-dimensional (time and wavelength) emission decay profiles
were measured by using a Hamamatsu C4334 streak scope in time-
correlated single-photon counting (TCSPC) mode with a time win-
dow of 200 ns for the deprotonated (and dinuclear) complex and
1000 ns for the doubly protonated complex. After excitation with
the frequency-doubled output of a Ti–sapphire laser (Tsunami,
Newport Spectra-Physics GmbH; pulse-to-pulse repetition rate
400 kHz after passing a pulse selector, model 3980, Newport Spec-
tra-Physics GmbH) at λex = 405 nm, the luminescence of the sam-
ple was collected in a 90°-arrangement, sent through a polarizer
set to the magic angle (54.7° relative to the polarization of the
excitation pulses), and spectrally dispersed by using a Chromex
250IS imaging spectrograph. The samples were prepared to yield
an optical density of 0.1 at the excitation wavelength in a 1 cm
quartz cuvette. Global fitting was performed with Scilab.[57] The
fits were performed numerically with the convolution included with
a Gaussian response function. To properly treat the data recorded
for Ir(tmBBI)-H2, a split ratio was introduced to distribute the ini-
tial population of independently decaying species to a parallel ki-
netic scheme. For better visualization, the transient emission spec-
tra were first averaged over 17 data points (corresponding to ca.
33 ns for the 1000 ns time window and ca. 6.6 ns for the 200 ns
time window) and then smoothed by using a 20 point fast Fourier
transform (FFT) filter (cutoff frequency ca. 0.11). The individual
emission spectra obtained from the global fit were smoothed by
calculating the 50 or 20 point rolling average.

[(ppy)2Ir(tmBBI-H2)][PF6] (Ir(tmBBI)-H2): All reactions were per-
formed under inert conditions unless explicitly stated. Formic acid
(1 mL) was added to a suspension of 2 (230 mg, 0.21 mmol) and 1
(140 mg, 0.47 mmol) in degassed ethanol and water (5:2), and the
mixture was heated to reflux at 115 °C for 24 h. The solution was
filtered and concentrated in vacuo, and a solution of NH4PF6

(163 mg, 1 mmol) in water (5 mL) was added to precipitate the
complex as its hexafluorophosphate salt. The yellowish precipitate
was washed with water and ether and purified by size-exclusion
chromatography [Sephadex, eluent: chloroform, acetone, methanol
(47:30:23)]. The solvent of the product fraction was removed under
reduced pressure. The salt was redissolved in ethanol, and a solu-
tion of NH4PF6 in water was added to precipitate the desired com-
plex; yield 301 mg (76.6%). 1H NMR (DMSO, 400 MHz, 298 K):
δ = 8.17 (d, 3J = 8.1 Hz, 2 H, 6-H), 7.92 (d, 3J = 7.8 Hz, 2 H, 6�-
H), 7.85–7.79 (m, 2 H, 5-H), 7.69 (d, 3J = 5.7 Hz, 2 H, 3-H), 7.56
(s, 2 H, 7��-H), 7.15–7.07 (m, 4 H, 4-H, 4�-H), 6.95 (m, 2 H, 5�-H),
6.43 (d, 3J = 7.5 Hz, 2 H, 3�-H), 5.76 (s, 2 H, 4��-H), 2.25 (s, 6 H,
9��-H), 1.94 (s, 6 H, 8��-H) ppm. 13C{1H} NMR (DMSO,
500 MHz, 298 K): δ = 167.89 (C-2), 149.81 (C-3), 145.72 (C-1�),
139.53 (C-11��), 138.35 (C-5), 134.73 (C-10��), 132.62 (C-6��),
132.95 (C-5��), 129.45 (C-5��), 138.35 (C-3�), 132.62 (C-4�), 125.00
(C-6�), 123.98 (C-4), 121.88 (C-5�), 119.74 (C-6), 116.70 (C-7��),
20.57 (C-8��, C-9��) ppm. C40H34F6IrN6P (935.93): calcd. C 51.33,
H 3.66, N 8.98; found C 50.98, H 4.30, N 8.67. MS (EI): m/z =
790 [M – H]+, 501 [(ppy)2Ir]+. Crystals suitable for single-crystal
X-ray analysis were obtained by the slow diffusion of water into a
dimethyl sulfoxide solution. Crystal Data for [(ppy)2Ir(tmBBI-H)]·
2 H2O·2C2H6SO: C44H49IrN6O4S2, Mr = 982.21 g mol–1, yellow
plate, crystal size 0.1358 �0.581�0.0147 mm, monoclinic, space
group P21/n, a = 11.1899(2) Å, b = 26.1338(4) Å, c = 15.4298(3) Å,
β = 107.990(2)°, V = 4291.61(14) Å3, T = 180(2) K, Z = 4, ρcalcd.
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= 1.520 Mg/m3, μ(Cu-Kα) = 7.324 cm–1, F(000) = 1984, 24850 re-
flections up to h(–13/13), k(–27/32), l(–19/15) measured in the range
7.421�Θ�74.493°, completeness Θmax = 99.7%, 8307 indepen-
dent reflections, Rint = 0.0477, 6777 reflections with Fo �4σ(Fo),
538 parameters, 78 restraints, R1obs = 0.0723, wR2obs = 0.1808, R1all

= 0.0871, wR2all = 0.1911, GooF = 1.126, largest difference peak
and hole: 4.567/–1.600 e/Å–3. Restraints had to be applied to stabi-
lize the geometry and thermal ellipsoids of the DMSO molecules.
A well-defined electron-density maximum indicated the position of
the amine proton in the hydrogen-bond framework, and the respec-
tive proton was added through the appropriate HFIX command in
accordance with the neutral charge of the complex and the adjacent
hydrogen-bond framework.

[(ppy)2Ir(tmBBI)]Na [Na-Ir(tmBBI)]: A highly concentrated aque-
ous sodium hydroxide solution (30 mL) was added to a solution of
Ir(tmBBI)-H2 (50 mg, 0.06 mmol) in methanol (30 mL). The de-
sired product complex immediately precipitated as its sodium salt.
The mixture was stirred for 24 h, and the resulting precipitate was
collected by filtration, washed with water and ether, and dried in
vacuo, yield 45 mg (0.055 mmol, 96.4 %). 1H NMR (DMSO,
400 MHz, 298 K): δ = 8.06 (d, 3J = 8.0 Hz, 2 H, 6-H), 7.83 (d, 3J

= 7.7 Hz, 2 H, 6�-H), 7.69–7.65 (m, 4 H, 5-H, 3-H), 7.16 (s, 2 H,
7��-H), 7.00–6.87 (m, 4 H, 4-H, 4�-H), 6.87–6.85 (m, 2 H, 5�-H),
6.46 (d, 3J = 7.5 Hz, 2 H, 3�-H), 5.60 (s, 2 H, 4��-H), 2.15 (s, 6 H,
9��-H), 1.86 (s, 6 H, 8��-H) ppm.

[{(ppy)2Ir}2(tmBBI)] [Ir(tmBBI)Ir]: A suspension of 1 (51.2 mg,
47.8 μmol) and 2 (13.0 mg, 44.8 μmol) in dimethylformamide
(50 mL) and triethylamine (20 mL) was treated in the microwave
for 60 min at 200 W. After the yellow solution cooled to room
temp., the addition of water (200 mL) led to the precipitation of
the desired product. Subsequently, the product was collected by
filtration, washed with water and diethyl ether, and purified by size-
exclusion chromatography (Sephadex, eluent: chloroform, acetone,
methanol 47:30:23). The two diastereomeric pairs could be sepa-
rated by fractioned crystallization, yield 24.5 mg (42%). 1H NMR
(DMSO, 400 MHz, 298 K, meso form): δ = 8.07 (d, 3J = 8.5 Hz, 4
H, 6-H), 7.94 (d, 3J = 6.1 Hz, 4 H, 3-H), 7.81 (d, 3J = 7.8 Hz, 4 H,
6�-H), 7.73–7.71 (m, 4 H, 5-H), 7.21–7.19 (m, 4 H, 4-H), 7.01–6.98
(m, 4 H, 4�-H), 6.90–6.87 (m, 8 H, 5�-H), 6.51 (d, 3J = 7.7 Hz, 4
H, 3�-H), 5.66 (s, 4 H, 4��-H), 1.83 (s, 12 H, 8��-H) ppm. 1H NMR
(DMSO, 400 MHz, 298 K, rac form): δ = 8.12 (d, 3J = 8.3 Hz, 4
H, 6-H), 7.83 (d, 3J = 6.9 Hz, 4 H, 6�-H), 7.80–7.76 (m, 4 H, 5-H),
7.53 (m, 3J = 5.9 Hz, 4 H, 3-H), 7.02–6.98 (m, 4 H, 4�-H), 6.98–
6.84 (m, 8 H, 4-H, 5�-H), 6.440 (d, 3J = 6.7 Hz, 4 H, 3�-H), 5.64
(s, 4 H, 4��-H), 1.82 (s, 12 H, 8��-H) ppm. 13C{1H} NMR (CD2Cl2,
100 MHz, 298 K): δ = 168.6 (C-2), 149.7 (C-3), 145.3 (C-1�), 142.5
(C-10��), 136.1 (C-5), 132.7 (C-4), 128.9 (C-4� and C-5��), 123.7 (C-
6�), 121.9 (C-3�), 120.8 (C-5�), 118.1 (C-6), 115.4 (C-4��), 19.8 (C-
8��) ppm. MS (Micro-ESI, chloroform/methanol): m/z = 1312 [M
+ Na – H]+, 1290 [M]+. Crystals suitable for single-crystal X-ray
analysis were obtained by the slow evaporation of a solution of
the complex in dimethyl sulfoxide/dichloromethane/ethyl acetate.
Crystal data for Ir(tmBBI)Ir: C70H72Ir2N8O4S4, Mr =
1602.00 gmol–1, yellow needles, crystal size 0.20 �0.06�0.05 mm,
orthorhombic, space group Pbca, a = 22.280(5) Å, b = 10.896(2) Å,
c = 26.849(5) Å, V = 6518(2) Å3, T = 150(2) K, Z = 4, ρcalcd. =
1.632 Mg/m3, μ(Mo-Kα) = 4.263 mm–1, F(000) = 3192, altogether
87357 reflections to h(–28/29), k(–14/14), l(–35/35) measured in the
range 3.41 �Θ�27.88°, completeness Θmax = 99.8%, 7760 inde-
pendent reflections, Rint = 0.0738, 5960 reflections with
Fo � 4σ(Fo), 403 parameters, 0 restraints, R1obs = 0.0268, wR2obs =
0.0479, R1all = 0.0459, wR2all = 0.0528, GOOF = 1.033, largest
difference peak and hole: 0.731/–0.655 eÅ–3.
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CCDC-1051673 {for [(ppy)2Ir(tmBBI-H)]·2H2O·2C2H6SO} and
-1051663 [for Ir(tmBBI)Ir] contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Figure 1. Effect of deprotonation on the characteristic NH signal of Ir(tmBBI)-Hx in the 
1
H NMR spectrum in 

CDCl3. 

 

  

 

Figure 2. 
1
H NMR of Ir(tmBBI)-H2 (top) and Na-Ir(tmBBI) (bottom) in DMSO-d6. 
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Scheme 1. Numbering scheme for the assignment of the 
1
H NMR signals of Ir(tmBBI)-H2. 

 

Scheme 2. Numbering scheme of the crystal structure of Ir(tmBBI)-H. 
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Scheme 3. Numbering scheme of the crystal structure of Ir(tmBBI)Ir. 

 

Scheme 4. Numbering scheme of the crystal structure of [(tbbpy)2Ru(tmBBI)][PF6]2 (R3). 
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Scheme 5. Numbering scheme of the crystal structure of [{(tbbpy)2Ru}2(μ-tmBBI)][PF6]2 (R2). 

 

 

Scheme 6.  Numbering scheme of the crystal structure of [(Me-ppy)2Ir(biimH2)]
+
 (R1). 
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Figure 3.  H,H-COSY of Ir(tmBBI)Ir meso form in DMSO-d6. 

 

 

Figure 4: H,H-COSY of Ir(tmBBI)Ir rac form in DMSO-d6. 
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Figure 5. Time resolved emission spectra of Na- Ir(tmBBI) at different delay times. 
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Figure 6. Time resolved emission spectra of Ir(tmBBI)Ir at different delay times. 
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Figure 7. Raw (but averaged, see experimental) and smoothed (obtained applying a 20 pt FFT filter) time 

resolved emission spectra of Ir(tmBBI)-H2 at different delay times. Panel A and B contain the same data, but 

panel B provides a closer view on the local maximum at ca. 560 nm. It should be noted that the unfavorable 

signal-to-noise ratio causes slight shifts of the peak, particularly when looking at the 43 ns-curve. The few-nm 

blue-shift is likely an artifact caused by the smoothing routine.  
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Table S1.  Crystal data and structure refinement for Ir(tmBBI)Ir. 

 

Empirical formula  C70 H72 Ir2 N8 O4 S4 

Formula weight  1602.00 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Crystal system  Orthorhombic 

Space group  Pbca 

Unit cell dimensions a = 22.280(5) Å = 90°. 

 b = 10.896(2) Å = 90°. 

 c = 26.849(5) Å  = 90°. 

Volume 6518(2) Å3 

Z 4 

Density (calculated) 1.632 Mg/m3 

Absorption coefficient 4.263 mm-1 

F(000) 3192 

Crystal size 0.20 x 0.06 x 0.05 mm3 

Theta range for data collection 3.41 to 27.88°. 

Index ranges -28<=h<=29, -14<=k<=14, -35<=l<=35 

Reflections collected 87357 

Independent reflections 7760 [R(int) = 0.0738] 

Completeness to theta = 27.88° 99.8 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.808 and 0.483 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 7760 / 0 / 403 

Goodness-of-fit on F2 1.033 

Final R indices [I>2sigma(I)] R1 = 0.0268, wR2 = 0.0479 

R indices (all data) R1 = 0.0459, wR2 = 0.0528 

Largest diff. peak and hole 0.731 and -0.655 e∙Å-3 
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Figure 8. ORTEP depiction of Ir(tmBBI)Ir (ellipsoids at 50% probability). 
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Table S2.  Crystal data and structure refinement for Ir(tmBBI). 

 

Empirical formula  C44 H49 Ir N6 O4 S2 

Formula weight  982.21 

Temperature  180(2) K 

Wavelength  1.54178 Å 

Crystal system  Monoclinic 

Space group  P 21/n 

Unit cell dimensions a = 11.1899(2) Å = 90°. 

 b = 26.1338(4) Å = 107.990(2)°. 

 c = 15.4298(3) Å  = 90°. 

Volume 4291.61(14) Å3 

Z 4 

Density (calculated) 1.520 Mg/m3 

Absorption coefficient 7.324 mm-1 

F(000) 1984 

Crystal size 0.1358 x 0.581 x 0.0147 mm3 

Theta range for data collection 7.421 to 72.493°. 

Index ranges -13<=h<=13, -27<=k<=32, -19<=l<=15 

Reflections collected 24850 

Independent reflections 8307 [R(int) = 0.0477] 

Completeness to theta = 67.679° 99.7 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 8307 / 78 / 538 

Goodness-of-fit on F2 1.126 

Final R indices [I>2sigma(I)] R1 = 0.0723, wR2 = 0.1808 

R indices (all data) R1 = 0.0871, wR2 = 0.1911 

Largest diff. peak and hole 4.567 and -1.600 e.Å-3 
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Figure 9. ORTEP depiction of Ir(tmBBI) (ellipsoids at 50% probability). 
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The synthesis, spectroscopic and electrochemical properties of the heterodinuclear iridium(III)/ruth-
enium(II) photosensitizer Ir-BBI-Ru, i.e. [(ppy)2Ir-(tmBBI)-Ru(tbbpy)2][PF6] (ppy ¼ 2-phenylpyridine;
tmBBI ¼ 5,50,6,60-tetramethyl-2,20-bibenzimidazole; tbbpy ¼ 4,40-di-tert-butyl-2,20-bipyridine) are pre-
sented. Its absorbance lies well within the visible light spectrum, showing absorption features typical for
dinuclear ruthenium(II) bibenzimidazole complexes. The complex exhibits characteristic emission
properties of both 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 demon-
strated by considerable hydrogen generation with a Co(II) catalyst and triethanolamine as sacrificial
donor.

© 2016 Published by Elsevier B.V.
1. Introduction

Luminescent transition metal complexes are highly relevant
compounds for a manifold of applications such as artificial lighting
technologies, bioanalytical sensing, and photocatalysis [1e8].
Research in this area is aiming at optimizing the photophysical
properties of such complexes for a certain purpose in terms of
visible light absorption, emission properties and lifetimes of the
respective electronically excited states. A particular synthetic tool is
the use of bridging ligands in order to combine the properties of
two distinct chromophore units [9e15]. The nature of the bridging
ligand determines the photophysical properties of the metal cen-
ters both through the ligand-field and the amount of electronic
communication it allows between the bridged metal centers [16].
Two well-established types of luminescent transition metal
. Rommel, et al., Journal
complexes are tris(bipyridine) ruthenium(II) and cyclometalated
tris- or bis((phenyl)pyridine)iridium(III) derivatives [6,17e21].
Although structurally similar, the photophysical processes in these
complexes are quite different. The ruthenium complexes of this
type usually exhibit broad absorption in the visible regime attrib-
uted to a singlet metal-to-ligand charge transfer excitation,
formally creating an excited ruthenium(III)/bipyridine(-e�) state,
which undergoes rapid intersystem crossing to generate the
respective long-lived luminescent triplet state [17]. Iridium(III)
chromophores, in contrast absorb mostly in the UV regime with
only weak absorption above 400 nm. The absorption features of
these complexes are ascribed to mixed 3MLCT/3LC excited states,
which can be populated directly due to strong spin-orbit coupling
of the 5d metal center [22e27]. We have recently reported several
examples of ruthenium(II) and iridium(III) complexes with de-
rivatives of 2,20-bibenzimidazole as third ligand for supramolecular
interactions and chemical sensing [28e30]. Both types of chro-
mophores exhibit strong though fundamentally different photo-
physical responses to changes of their environment. For example,
the ruthenium(II) complexes show significant broadening and a
bathochromic shift of the visible-light absorbance accompanied by
of Organometallic Chemistry (2016), http://dx.doi.org/10.1016/
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a stepwise quenching of their emission upon deprotonation [30].
The analogous iridium(III) complexes, in contrast, exhibit almost no
significant change of the absorption, but remain strongly lumi-
nescent at varying wavelengths upon deprotonation [10,28,29].

Previously, Dietzek et al. showed that bibenzimidazoles are
suitable candidates to facilitate excited-state excitation migration
taking place within a polynuclear complex [31]. Further, to the best
of our knowledge only one photocatalytically active system for
hydrogen generation from an aqueous solution using an iridum(III)
bibenzimidazole as photosensitizer has been reported to date,
whereas so far, ruthenium(II) bibenzimidazole complexes remain
unexplored in this regard [9]. The aim of this work was hence to
combine the advanced visible-light absorption features of ruth-
enium(II) complexes with the advantageous luminescent proper-
ties of the iridium(III) congener by connecting them within a
dinuclear bibenzimidazolate bridged photosensitizer.

We present the synthesis, spectroscopic and electrochemical
properties of Ir-BBI-Ru and will show strong visible-light absorp-
tion and dual emission from both chromophore units. Time-
resolved photophysical analysis was carried out to grasp the un-
derlying processes, and the new complex is shown to act as an
advantageous photosensitizer in light-driven photocatalytic
hydrogen generation.

2. Results and discussion

2.1. Synthesis and characterization of the complex

The heterodinuclear complex Ir-BBI-Ru was synthesized via
two different routes, i.e. either binding of the ruthenium complex
fragment (tbbpy)2Ru2þ from its dichlorido precursor (tbbpy ¼ tert-
butyl-bipyridine, route A) to the metalloligand [(ppy)2IrBBI]-

(IrBBI¡, ppy ¼ 2-phenylpyridine, BBI ¼ 5,50,6,60-tetramethyl-2,20-
bibenzimidazole), or analogous binding of the iridium complex
fragment (ppy)2Irþ from the respective bis(m-chlorido) bridged
dimeric precursor to the metalloligand [(tbbpy)2RuBBI] (RuBBI)
(route B, see Scheme 1). The respective fragments have been syn-
thesized according to literature procedures [32,33]. The reactions
were carried out in protic media (route A: mixture of ethanol/water
(3:1); route B: ethanol) under inert conditions and upon addition of
triethylamine (TEA) in order to deprotonate the bibenzimidazole
complexes and generate the respective metalloligands. Precipita-
tion of the hexafluorophosphate salt and subsequent purification
through silica column chromatography (ACN/water 4:1, v/v) and
size-exclusion chromatography (sephadex®, methanol) yielded Ir-
BBI-Ru in moderate yields (76%, route A, or 66%, route B). The
principle structural characterization of the complex was achieved
by NMR spectroscopy andmass spectrometry. The observed ESI-MS
signal at m/z ¼ 1427.524 and 713.762 appertain to the one- or
twofold positively charged (Ir-BBI-Ru)þ or (Ir-BBI-Ru)2þ,
respectively.

The 1H NMR spectrum of Ir-BBI-Ru (see Fig.1) reveals a complex
signal set characteristic for a mixture of the meso isomers DRuLIr
and DIrLRu, and the racemic isomers DD and LL of the hetero-
dinuclear complex. The signals in the aromatic and aliphatic region
agree with the expected number of protons of Ir-BBI-Ru and the
spectrum provides all of the expected signal sets of 2 different
coordinating (ppy and tbbpy) as well as one peripheral bridging
ligand (BBI). However, due to the superimposition of a majority of
the signals no accurate assignment of the proton signals is possible.

Notably, however, there are the two doublet like signal sets at
d ¼ 5.81/5.79 ppm and d ¼ 5.30/5.28 ppm, which correspond to the
four CeH signals located at the bibenzimidazole (see Fig. 1). The
aromatic CeHBBI signals are particularly sensitive to the coordina-
tion geometry as observed at structural similar mononuclear
Please cite this article in press as: S.A. Rommel, et al., Journal
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bibenzimidazole complexes [10,30,34e36]. The bis(phenylpyr-
idine)iridium(III) complex of 5,50,6,60-tetramethyl-2,20-bibenzimi-
dazole [IrBBI-H2] shows only two different CeHBBI signals in
deuterated dichloromethane, i.e. one at d ¼ 5.91 (H-700) and the
other at d ¼ 7.41 (H-400) (see ESI). The same signal splitting is
observed at the structural similar ruthenium complex [RuBBI-H2],
where the more highfield shifted CeHBBI signal is strongly shielded
owing to its spatial proximity to the pyridyl ring of the ppy or tbbpy
ligand. In contrast to corresponding signals for IrBBI-H2 or RuBBI-
H2, in Ir-BBI-Ru, however, four different CeHBBI signals are visible
in the 1H NMR spectrum and seemingly form two doublets. This
refers to the different coordination geometries of the CeHBBI signals
in the stereoisomers, i.e. LD,DL (Fig. 1, black marked) and DD,LL

(orangemarked). By integration of the two signals at d¼ 5.81/5.79 a
ratio of 60/40 for DD,LL/LD,DL was calculated. Similarly, in the
single crystal a rac/meso ratio of 3:1 ratio was detected. Strikingly, D
and L isomers of the iridium moiety occupy the same position in
the crystal lattice.

In Table 1, the bond lengths and angles of Ir-(tmBBI)-Ir (R1) [10],
Ir-BBI-Ru, [{(tbbpy)2Ru}2(m-tmBBI)][PF6]2 (R2) [34] and
[(tbbpy)2Ru(tmBBI-H2)][PF6]2 (R3) [37] are shown. The numbering
scheme for Ir-BBI-Ru is depicted in Fig. 2, all others can be found in
the Supporting Information.

The phenylpyridine ligands in the iridium moiety are oriented
with the cyclometalated phenyl ring in the trans position with
respect to the bibenzimidazole ligand. This observation is in
agreement with other known bis-heteroleptic bis(phenylpyridine)-
iridium(III) complexes [10,24].

For the homo-dinuclear complexes Ir-(tmBBI)-Ir and Ru-
(tmBBI)-Ru a linear arrangement of the bridging ligand has been
reported which reflects symmetric binding to both metal centers
[10,34]. In the respective mononuclear structures, in contrast, it is
well known that the bibenzimidazole is slightly bent towards the
metal center with bending angles around 165.9� (±0.7�)
[10,30,34,38e41]. In the presented heterodinuclear complex Ir-
BBI-Ru a slight distortion of the bridging ligand geometry in
contrast to the homodinuclear congeners is observed. That is, the
bibenzimidazole ligand exhibits a bending angle of 183.89� with
respect to the iridium center and 176.11� to the ruthenium center,
which is in agreement with the slightly longer IreN(BBI) distances as
compared to the respective RueN(BBI) distances in themononuclear
complexes.

All distances and angles characteristic to the coordination
polyhedra of the mononuclear, the homodinuclear, and the pre-
sented heterodinuclear complex are presented in Table 1. The
bi(benz)imidazole ligand always exhibits longer distances to the
metal core than the distances for the comparable ligands phenyl-
pyridine or bipyridine, respectively [10,34,39].

2.2. Photophysical characterization

The absorption spectrum of Ir-BBI-Ru (see Fig. 3) exhibits the
characteristic features of the respective homodinuclear complexes,
i.e. most notably two intense absorption maxima at 358 nm and a
maximum at 535 nm [10,30,42e44]. For the reference compound
Ir-BBI-H2 only ill-defined MLCT transitions were observed in the
UV/Vis spectrum and unlike Ru(bpy)32þ, for which the MLCT bands
are spectrally well separated from intraligand absorptions (IL), no
clear isolated MLCT band for the iridium part of Ir-BBI-Ru can be
observed here [10]. The absorption band in the 400e500 nm region
is due to a singlet, spin-allowed MLCT transition centered on the
ruthenium moiety, together with a weak contribution of spin-
forbidden MLCT transitions (singletetriplet) from the iridium part
at the UV edge [45].

Most of the ligand bridged Ir(III)/Ru(II) dinuclear complexes
of Organometallic Chemistry (2016), http://dx.doi.org/10.1016/



Scheme 1. Depiction of the two different routes A and B to synthesize the heterodinuclear compound Ir-BBI-Ru.

Fig. 1. 1H NMR spectrum of Ir-BBI-Ru in deuterated dichloromethane.

S.A. Rommel et al. / Journal of Organometallic Chemistry xxx (2016) 1e8 3
reported in literature exhibit an efficient energy transfer from the
iridium(III) to the ruthenium(II) center, resulting in sole emission
from the latter [45e50]. Upon excitation of Ir-BBI-Ru at
lexc ¼ 350 nm two distinct emission features are observed (Table 2,
Fig. 3), i.e. one at lmax,1(em) ¼ 503 nm, and one at
Please cite this article in press as: S.A. Rommel, et al., Journal
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lmax,2(em) ¼ 700 nm. The position and structure of the emission
band around 503 nm closely resembles that of the twofold
deprotonated IrBBI� in dichloromethane, whereas the emission at
around 700 nm can be assigned to a ruthenium related emission
with respect to literature [10,35,36,41,43,51]. Upon excitation of the
ruthenium specific absorption at 535 nm, only the lowest-lying, Ru-
based emission is observed (Fig. 4). This finding can be rationalized
as expected, since the Ir(III) chromophores do not absorb light at
wavelengths longer than 400 nm.

Fluorescence excitation spectra recorded at an emission at
l ¼ 503 nm and at l ¼ 700 nm exhibit nearly identical features in
the UV regime, i.e. two distinct maxima at 290/281 nm and 358 nm.
Upon excitation at 358 nm the emission bands at 520 and at
700 nm can be recorded simultaneously. The appearance of dual
emission from Ir-BBI-Ru indicates that the bridging bibenzimida-
zolate ligand prevents coupling of the two chromophores within
the complex. Comparative measurements under identical optical
density of the luminescence of IrBBI-H2 have shown that the in-
tensity of the iridium specific emission in the heterodinuclear
complex is only about 3% as compared to the mononuclear com-
plex, which in turn is a rather strong indication for an efficient but
incomplete energy transfer to the weakly emissive ruthenium(II)
moiety (see ESI).
of Organometallic Chemistry (2016), http://dx.doi.org/10.1016/



Table 1
Selected bond lengths [Å] and angles [�] of Ir-BBI-Ru, R1, R2 and R3. The numbering scheme is according to that depicted in Fig. 2 [10,37].

Ir(-tmBBI)-Ir
(R1)

Ir-(tmBBI)-Ru Ir-(tmBBI)-Ru [(ppy)2Ir(tmBBI-H2)][PF6]
(IrBBI, R2)

[(tbbpy)2Ru(tmBBI-H2)]
[PF6]2
(RuBBI, R3)

Ir1eN1 2.201(3) Ir1eN1A 2.066(3) Ru1eN5 2.130(5) IreN1 2.138(8) Ru1eN2 2.102(5)
Ir1eN3 2.177(2) Ir1eN2A 2.005(3) Ru1eN6 2.122(5) IreN2 2.136(8) Ru1eN1 2.110(4)
Ir1eN4 2.038(3) Ir1eN3 2.198(6) Ru1eN7 2.035(5) IreN4 2.061(8) Ru1eN6 2.052(5)
Ir1eC27 2.005(3) Ir1eC4 2.194(6) Ru1eN8 2.047(6) IreC10 2.015(1) Ru1eN5 2.042(4)
Ir1eN5 2.037(3) Ir1eC1A 2.037(3) Ru1eN9 2.025(5) IreN3 2.039(7) Ru1eN8 2.059(4)
Ir1eC38 2.007(3) Ir1eC1C 2.073(3) Ru1eN10 2.048(5) IreC11 1.990(1) Ru1eN7 2.058(4)
N3eIr1eN4 79.49(9) N3eIr1eN4 79.8(2) N10eRu1eN9 79.0(2) N1eIr1eN2 76.0(3) N1eRu1eN2 77.66(12)
C27eIr1eN4 80.63(12) C1A-Ir1-N2A 82.3(1) N8eRu1eN7 78.4(2) C10eIr1eN4 80.6(4) N6eRu1eN5 79.01(18)
C38eIr1eN5 80.62(12) C1CeIr1eN1A 80.6(1) N5eRu1eN6 80.6(2) C11eIr1eN3 81.5(4) N7eRu1eN8 78.93(17)
N5eIr1eN4 174.37(11) C1CeIr1eN3 170.0(2) N10eRu1eN7 176.3(2) N4eIr1eN3 174.0(3) N5eRu1eN8 95.54(17)
C38eIr1eN3 170.73(11) C1A-Ir1-N4 174.6(2) N5eRu1eN8 170.7(2) C11eIr1eN2 171.2(4) N7eRu1eN2 93.19(18)
C27eIr1eN1 170.64(11) N1A-Ir1-N2A 171.9(1) N6eRu1eN9 170.1(1) C10eIr1eN1 172.4(4) N6eRu1eN6 97.79(18)

N6eC5eC4 130.3(8) N3eC7eC8 129.7(5)
Deviation
aIr

183.89 Deviation aRu 176.11� N5eC4eC5 128.7(9) N4eC8eC7 130.3(5)

N1eC5eC4 116.0(8) N1eC7eC8 117.4(5)
N2eC4eC5 116.2(8) N2eC8eC7 116.8(5)
Deviation a 166.12 Deviation a 167.1

Fig. 2. Left: schematic depiction of the solid-state structure of Ir-BBI-Ru.; right: solid-state structure of Ir-BBI-Ru (ellipsoids at 50% probability level; the hydrogen atoms are
omitted for clarity; R1 ¼ 0.0634, wR2 ¼ 0.1654).

Fig. 3. UV/Vis (black, solid) and normalized emission spectra (blue and red, dotted) of
Ir-BBI-Ru in dichloromethane (c ¼ 5 � 10�6 M; red: excitation at l ¼ 535 nm; blue:
excitation at l ¼ 358 nm). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Table 2
Photophysical data of the investigated complex Ir-BBI-Ru and related Ir(III) or Ru(II)
compounds [10,34].

Complex Solventa lmax/nm Lifetime [ns]

Absorption Emission

Ir-BBI-Ru CHCl3 358, 530 503, 695 49b,112c

ACN 353, 517 500, 710 29b, 36c

Ir(tmBBI)-H2
þ CHCl3 378 521/559 44 (329)

NaeIr(tmBBI) CHCl3 377 494 57
Ir(tmBBI)Ir CHCl3 375 499 50
[(tbpy)2Ru]2tmBBI ACN 510/510 700/700 50/60
(tbpy)2Ru(tmBBI-H2) ACN 473 648 120

a Air equilibrated.
b Determined in the spectral interval 510e580 nm.
c Determined in the spectral interval 590e660 nm, respectively.
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In order to elucidate the unusual luminescence properties of Ir-
BBI-Ru in more detail, time resolved emission studies using a
Please cite this article in press as: S.A. Rommel, et al., Journal
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streak camera were performed, which allows to record time-
resolved emission spectra. This way, for each band in the emis-
sion spectrum the decay kinetics can be resolved and the corre-
sponding emission lifetime can be determined: The lifetime of the
iridium based (bright, i.e. emitting) excited state in Ir-BBI-Ru is
approximately 49 ns in oxygen-equilibrated chloroform solution,
which is very similar to the lifetimes previously observed for
related cyclometalated iridium complexes (see Table 3) [24,52e54].
of Organometallic Chemistry (2016), http://dx.doi.org/10.1016/



Fig. 4. Cyclic voltammogram of Ir-BBI-Ru and the mononuclear reference compounds
IrBBI-H2 and RuBBI-H2 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.
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Earlier investigations on the related system Ir(BBI)-Hx (x ¼ 2, 0)
and the homodinuclear Ir-BBI-Ir also provide values for the excited
state lifetime of approximately 50 ns (see Table 3). On the other
hand, the lifetime of the bright ruthenium based excited state is 112
ns under identical experimental conditions. Notably, the excited
state lifetimes for both emissions are significantly shorter in
acetonitrile (see Table 2) as compared to those determined in
chloroform for Ir-BBI-Ru, which indicates considerable sensitivity
towards the solvent polarity (see ESI). A more detailed photo-
physical investigation is out of the scope of this contribution.

2.3. Electrochemical properties

Comparative electrochemical analysis of Ir-BBI-Ru and its
mononuclear reference compounds IrBBI-H2 and RuBBI-H2 was
performed using cyclic voltammetry (dry, de-gassed ACN, (nBu4N)
PF6 as supporting electrolyte, ferrocene/ferrocenium as reference).
Table 3 shows recorded oxidation and reduction potentials of
mono- and binuclear bibenzimidazole complexes, respectively. For
the mononuclear IrBBI-H2 and RuBBI-H2 complexes, one revers-
ible oxidation process is observed related to Ir(III)/Ir(IV) or Ru(II)/
Ru(III) oxidation, respectively [44,13]. For the Ru species the
reversible redoxwave is centered atþ0.57 V, whereas the oxidation
wave is shifted anodically by 0.19 V for the iridium species, which is
in accordance with previously reported homodimetallic Ru(II) and
Ir(III) complexes [55]. For IrBBI-H2 the oxidation could mainly be
associated with Ir-centered orbitals and s band IreC orbitals
derived from the removal of an electron belonging to the highest
occupied molecular orbital (HOMO) of the iridium [9]. The heter-
odinuclear complex Ir-BBI-Ru shows two reversible oxidation
Table 3
Electrochemical data for oxidation and reduction processes of IrBBI-H2, RuBBI-H2

and Ir-BBI-Ru in MeCN at a glassy-carbon electrode at 20 �C.

Compound E1/2/V vs. Fc/Fcþ

Oxidations Reductions

Ir-BBI-H2 þ0.757 �2.075a �2.512a �2.728 2.997
Ru-BBI-H2 þ0.571 þ0.398a �2.002 �2.183 �2.396
Ir-BBI-Ru þ0.707 þ0.261 �2.015 �2.277 �2.676

a Irreversible process.
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processes centered atþ0.26 V andþ0.71 V related to RuII/III and IrIII/
IV, respectively. Notably, the first oxidation potential of the binu-
clear complex is 0.3 V lower than those of the mononuclear com-
plexes, whichmay be due to the known effect of negatively charged
bibenzimidazole bridging ligands on metal based redox potentials
[9,34,56]. Further, this indicates an electron-donor property of the
BBI bridging ligand in the dinuclear Ir(III)/Ru(II) system [9,44,57].

3. Hydrogen production experiments

Stimulated by the appealing photophysical properties and stable
metal based redox processes, we were keen to investigate the po-
tential of Ir-BBI-Ru as photosensitizer for visible light driven
hydrogen generation from an aqueous solution. Following the
procedure reported by Zou et al. for structurally related mono- and
heterodinuclear iridium(III) complexes, we used a three-
component catalytic system consisting of the photosensitizer PS,
the water reduction catalyst (WRC) [Co(bpy)3]Cl2 and triethanol-
amine (TEOA) as a sacrificial electron donor in a mixture of acetone
and water (4:1, v/v) under an inert argon atmosphere [9]. Quanti-
tative determination of the generation of hydrogen was conducted
by gas chromatography analysis of the gas phase of the reaction
system (for details, see ESI). Control experiments have been per-
formed by excluding the photosensitizer from the system. Thereby
no significant amounts of hydrogen were detectable.

In a typical photocatalytic experiment, the three-component
system was used in a 10 mL solution of acetone/water (4:1, v/v)
containing PS (10 mM), [Co(bpy)3]Cl2 (0.33 mM), and TEOA (0.19 M)
at a pH value of pH¼ 8.0, i.e. lower than the pKa of TEOA. Other than
Zou et al., who used a 300 W xenon lamp equipped with a cutoff
filter (irradiation wavelength >420 nm), samples in this work were
irradiated by 470 nm LEDs [9].

For the three complexes Ir-BBI-Ru, IrBBI-H2 and RuBBI-H2, we
measured their catalytic performance within an irradiation time of
140 h after which saturation behaviour was observed. Since
deprotonation of the mononuclear complexes is inevitable under
the selected catalytic conditions due to the electron donor, both
mononuclear complexes are deprotonated in the catalysis solution.
Whereas both iridium(III) containing compounds were able to
produce hydrogen under the said conditions, no hydrogen was
detected by using RuBBI-H2 as a PS. As discussed earlier, the
respective ruthenium complex exhibits a low energy absorbance
accompanied by complete quenching of its emission and is there-
fore no suitable PS [57,58]. The analogous iridium complex, in
contrast, induces initial hydrogen production with an attainable
TON of about 100 after an irradiation time of 100 h.

With the heterodinuclear Ir-BBI-Ru system hydrogen evolution
could also be induced with a TON of about 170 after 140 h. The TON
values obtained for the mononuclear IrBBI-H2 and Ir-BBI-Ru are in
the range of the results produced by Cai et al. for their [[Ir(tfmp-
py)2]X(BiBzIm)] (X ¼ 1,2) system [tfmppy ¼ 2-(4-(trifluoromethyl)
phenyl)-pyridine, BiBzIm ¼ 2,20-bibenzimidazole) [9]. However, in
our case for both PSs a longer hydrogen production rate is observed
as well as slightly higher overall TONs. It should be noted that in
this report a different irradiation source was used, however the
influence of the latter on the kinetics and efficiency of the catalysis
is unclear.

Interestingly, an induction phase was clearly observed when
using Ir-BBI-Ru as PS in contrast to the mononuclear iridium PS.
Therefore, UV/Vis and emission measurements under catalysis
conditions were performed to investigate the process occurring
during the induction phase (see ESI). Upon perpetual irradiation of
the catalysis solution a successive degradation process is observ-
able according to the decrease of absorbance intensity. Regarding
emission, the freshly degassed catalysis solution exhibits the
of Organometallic Chemistry (2016), http://dx.doi.org/10.1016/
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discussed features (vide supra), i.e. the iridium(III) based emission
band maxima at around 500 nm and the ruthenium(II) based band
at 700 nm. Upon irradiation, the iridium(III) specific emission in-
creases immediately by a manifold, whereas the weak ruthenium
specific emission band remains unchanged (see ESI). After around
4 h the changes in the UV/Vis and emission spectra are negligible,
indicating the formation of a stable system. Thereby, the emission
intensity at 502 nm is increased thirtyfold with constant ruthenium
specific emission at 700 nm. Themechanistic details remain subject
of further investigations. In sum, both the mononuclear iridium
complex and the heterodinuclear complex are promising PSs for
visible light driven hydrogen production (see Fig. 5).
4. Conclusions

The succesful synthesis of a heterodinuclear 4,40,5,50-tetra-
methyl-2,20-bibenzimidazolate bridged iridium(III)/ruthenium(II)
chromophore Ir-BBI-Ru was presented. Its photophysical and
electrochemical properties have been investigated and compared
to related complexes. A crystal structure of Ir-BBI-Ruwas provided
and compared with three structurally similar reference
compounds.

By coupling a ruthenium and an iridium moiety to the bridging
ligand bibenzimidazole, a dinuclear complex is obtained, which in
principle combines the advantageous visible light absorbing
properties of its ruthenium moiety with the sophisticated lumi-
nescence properties of its iridium-phenylpyridine moiety. In
addition, a rare case of dual luminescence from both moieties is
observed, whereas the iridium based emission in the covalently
bound dyad Ir-BBI-Ru is significantly quenched by approximately
97% as compared to the mononuclear complex IrBBI-H2.

Emission lifetimes of the iridium(III) specific emission is in the
range of other related transition-metal bibenzimidazole complexes.
Excited state lifetime measurements revealed a complex behaviour
with different structured emission spectra in different solvents.
Further studies, including quantum efficiency and transient ab-
sorption measurements are under investigation.

As fine tuning of the emission colour and a modification of the
photophysical properties of iridium(III) complex fragments can be
easily performed by a change in the ligand structure, the use of
Fig. 5. Turnover numbers of the light-driven hydrogen production catalyzed by the
covalent system Ir-BBI-Ru (blue rectangles) and IrBBI-H (black rectangles); the grey
dashes represent the calculated standard deviation of each curve. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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these materials for electroluminescent devices is conceivable.
Further, the presented electrochemical and photophysical results
clearly indicate that the complex exhibits the potential to work as a
photosensitizer in photochemical processes. The obtained kinetic
and photophysical data under catalytic conditions suggest an
elaborate mechanism for the heterodinuclear photosensitizer and
spark strong interest to further investigate this system in the future.

5. Experimental

5.1. Reactants and methods

The ruthenium precursor complex bis(4,40-di-tert-butyl-2,20-
bipyridyl)dichloridoruthenium(II) [(tbbpy)2Ru(Cl)2] was synthe-
sized according to an efficient microwave-assisted method pre-
sented in the literature starting from Ruthenium(III) chloride
hydrate (35e40% Ruthenium) purchased from Degussa [33].
4,40,5,50-Tetramethyl-2,20-bibenzimidazole, tetrakis(2-
phenylpyridine-C2,N)bis(m-chloro)diiridium [32,59,60] and the
mononuclear complexes IrBBI-H2 and RuBBI-H2 were synthesized
according to published procedures [10,36].

Technical grade solvents were purchased from VWR/Prolabo
and redistilled under reduced pressure at 40 �C. Dichloromethane,
chloroform and acetonitrile for spectroscopic measurements were
purchased in spectroscopic grade from Roth. All chemicals were
purchased from Merck Millipore, Sigma Aldrich, ABCR, Acros Or-
ganics, Alfa Aesar or VWR/Prolabo and used as purchased (�95%).
Inert reactions were performed under an Argon 4.6 atmosphere by
means of standard Schlenk techniques. Size exclusion chromatog-
raphy was carried out with Sephadex LH-20 as stationary phase
(particle size 25e100 mm), purchased from Pharmacia Fine Chem-
icals AB, Uppsala, Sweden. 1H NMR spectra were recorded at
ambient temperature, unless otherwise stated, with a Bruker
400 MHz spectrometer and Bruker 500 MHz spectrometer. All
spectra were referenced to the corresponding solvent residual
signal, i.e. 1.940 ppm for acetonitrile, 7.260 for chloroform, 5.320 for
dichloromethane and 4.870 for methanol. Mass spectra were
recorded on a FinniganMAT SSQ 710 or on a Thermoquest-Finnigan
MAT 95XL.

X-ray crystallography was performed on a SuperNova (Dual
Source) diffractometer, equipped with an ATLAS detector, from
Agilent Technologies. The structures were refined by full-matrix
least squares techniques against Fo2 (SHELXL 2013) [61]. The
hydrogen atoms were included at calculated positions with fixed
thermal parameters. All non-hydrogen atoms were refined
anisotropically.

Intensity data for Ir-BBI-Ru were collected on an Oxford
Diffraction Supernova, dual source with a CCD detector diffrac-
tometer using Cu-ka radiation (l ¼ 1.54178 Å). Data were corrected
for Lorentz and polarization effects, a semi-empirical absorption
correction based on multiple scans using SADABS [62] was applied.
Structures were solved by direct methods (SHELXS2013 [61]) and
refined by full-matrix least-squares techniques against F02(SHELXL-
2013 [61]). All hydrogen atoms were placed in positions of opti-
mized geometry. Mercury 3.3 (Build RC5Mercury 3.3 (Build RC5))
was used for structure representations.

5.2. Electrochemistry

DC cyclic voltammetry (CV) experiments were performed using
a CH Instruments CHI 620E electrochemical workstation equipped
with a standard three-electrode arrangement: working electrode:
glassy carbon electrode (d ¼ 1.6 mm), quasi reference electrode: Ag
wire (in a glass frit containing electrolyte with the same concen-
tration as the concentration of electrolyte in the analysed solution),
of Organometallic Chemistry (2016), http://dx.doi.org/10.1016/
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counter electrode: Pt wire. All potentials are reported relative to the
ferrocene/ferrocenium internal standard. CV experiments were
performed in dry acetonitrile using (nBu4)NPF6 as supporting
electrolyte. All solutions were purged with argon for at least 3 min
to remove O2 and kept under a slight positive Ar pressure while
performing the experiment.

5.3. Excited state lifetime measurements

The two-dimensional (time and wavelength) emission decay
profiles were measured using a Hamamatsu streak scope C4334 in
photon counting mode using a time-window of 500 ns. After
excitationwith the frequency-doubled output of a Ti-sapphire laser
(Tsunami, Newport Spectra-Physics GmbH; pulse-to-pulse repeti-
tion rate 400 kHz after passing a pulse selector, model 3980,
Newport Spectra-Physics GmbH) at lexc ¼ 365 nm the lumines-
cence of the sample was collected in a 90�-arrangement and
spectrally dispersed using a Chromex 250IS imaging spectrograph.
Selected horizontal (spectral) and vertical (temporal) intervals
were integrated using the HPDTA software delivered with the
streak camera system. Measurements were carried out without a
polarizer to decrease the acquisition time. Therefore the early decay
range (few ns) may be disturbed by contributions from rotational
diffusion. However, due to the relatively longer excited-state life-
times, this is not an issue for lifetime determination. The lifetime
values were obtained from monoexponential fits of the linear
portion of the integrated decay profiles. The samples were prepared
to yield an optical density of 0.1 at the excitationwavelength in a 1-
cm quartz cuvette using air-equilibrated, spectroscopic grade
solvents.

5.4. H2 evolution experiments

All H2 production experiments were evaluated in a Schlenk tube
(21 mL) with a side visible light irradiation using two LED sticks
(l ¼ 470 nm). The reactor was charged with 10 mM PS, 0.33 mM
catalyst [Co(bpy)3]Cl2, and 0.19 M TEOA in an aqueous solution
(10 mL; acetone/water: 4:1, v/v). The pH value was adjusted to
approximately 8.0 by the addition of concentrated hydrochloric
acid. Prior to light irradiation, the system was evacuated succes-
sively via freeze pump thaw method before being backfilled with
argon. The hydrogen evolved was measured by headspace GC on a
Bruker Scion GC/MS, with a thermal conductivity detector 15
(column: Mol. Sieve 5A 75m� 0.53mm I.D., oven temp. 70 �C, flow
rate 25 mL min�1, detector temp. 200 �C) with argon as carrier gas.
The GC was calibrated by mixing different volumes of pure
hydrogen together with argon into a schlenk vessel. The obtained
signal was plotted against the calibration curve to receive the total
produced hydrogen content in the headspace.

5.5. Synthesis of (ppy)2Ir(tmBBI)Ru(tbbpy)2 (Ir-BBI-Ru)

Route A: 50 mg [Ir(ppy)2(tmBBI-H2)][Cl] (IrBBI) (60.35 mmol,
M ¼ 828.42 g/mol) together with 4.1 mL triethylamine were dis-
solved in a mixture of degassed ethanol/water (3:1) and stirred for
1 h 26 mg Ru(tbbpy)2Cl2 PRu (59.00 mmol, M ¼ 442.32 g/mol) were
also dissolved in a mixture of degassed ethanol/water (3:1) and
added dropwise to the solution of IrBBI over half an hour. Under
constant stirring the solution was heated up to 100 �C for 24 h.

Route B: 38 mg (35.47 mmol, M ¼ 1072.09 g/mol) [Ir(ppy)2Cl]2
and 86 mg [Ru(bpy)2(tmBBI-H2)][PF6]2 (70.68 mmol, M ¼ 1218.15 g/
mol) were dissolved in 17 mL degassed ethanol and 4 mL trie-
thylamine und heated up to 100 �C for 24 h under constant stirring.

In both cases the heterodinuclear complex Ir-BBI-Ru was
precipitated as its hexafluorophosphate salt by addition of aqueous
Please cite this article in press as: S.A. Rommel, et al., Journal
j.jorganchem.2016.04.002
NH4PF6 to the solution and the precipitate was collected by a frit,
washed with water (3 � 30 mL), diethyl ether (3 � 30 mL) and cold
ethanol (1 � 20 mL). The crude product was then purified by
chromatography on a silica gel column (acetonitrile/water 4:1, v/v).
A second purification step was performed using a sephadex column
(LH-20, methanol). The fraction of the pure compound was
collected, concentrated and again precipitated by aqueous NH4PF6
(88 mg, 540 mmol) to get a dark purple powder. Yield: 64.04 mg
(44.76 mmol, 75.86%, route A), 67.01 mg (46.83 mmol, 66.26%, route
B).

1H-NMR (DCM-d2, 400 MHz): d ¼ 8.25e8.20 (m, 3H), 8.15e8.13
(m, 3H), 8.04e8.02 (m, 1H), 7.97 (d, 3J ¼ 5.0 Hz, 1H), 7.92 (d,
3J¼ 6.1 Hz,1H), 7.87 (d, 3J¼ 8.0 Hz,1H), 7.83 (d, 3J¼ 6.0 Hz,1H), 7.77
(d, 3J ¼ 8.1 Hz, 1H), 7.70 (d, 3J ¼ 7.0 Hz, 1H), 7.65e7.62 (m, 3H),
7.57e7.53 (m, 1H), 7.39e7.36 (m, 2H), 7.27 (dd, 4J ¼ 6.0 Hz,
3J ¼ 2.0 Hz, 1H), 7.08e7.03 (m, 3H), 6.93e6.88 (m, 2H), 6.84e6.81
(m, 1H), 6.63e6.54 (m, 3H), 5.80 (d, 3J ¼ 7.9 Hz, 2H), 5.29 (d,
3J¼ 9.7 Hz, 2H),1.93 (d, 3J¼ 2.2 Hz, 6H),1.91 (d, 3J¼ 2.6 Hz, 6H),1.46
(m, 18H), 1.42 (s, 6H), 1.37 (s, 6H).

ESI-MS: m/z ¼ 1427.524 (Mþ), 713.762 (M2þ).
Crystal data for Ru-BBI-Ir: C76 H80 F6 Ir N10 P Ru,

Mr ¼ 1571.74 g mol�1, dark red prism, crystal size
0.1183 � 0.0589 � 0.0472 mm3, triclinic, space group P�1,
a¼ 15.4174(4) Å, b¼ 16.7904(4) Å, c¼ 17.0628(4) Å, a¼ 86.505(2)�,
b ¼ 68.364(2)�, g ¼ 85.356(2) V ¼ 4089.97(18) Å3, T ¼ 180(2) K,
Z¼ 2, rcalcd.¼1.276Mg/m3, m (Cu-Ka)¼ 5.251mm�1, F(000)¼ 1592,
altogether 46056 reflexes up to h(�19/19), k(�20/20), l(�15/21)
measured in the range of 7.513� � Q � 73.787�, completeness
Qmax ¼ 99.7%, 16068 independent reflections, Rint ¼ 0.0412, 13087
reflections with F0 > 4 s(F0), 821 parameters, 1 restraint,
R1obs ¼ 0.0634, wR2obs ¼ 0.1654, R1all ¼ 0.0754, wR2all ¼ 0.1719,
GOOF¼ 1.102, largest difference peak and hole: 1.703/�0.965 e Å�3.
The DFIX restraint was used once to fix one of the tertiary butyl
groups. The crystal contains two chiral pairs of isomers, that is LD
and DL, DD andLL. Each unit cell contains either one isomer of the
ruthenium complex in L and D configuration. The iridium complex
in contrast appears to be unregularly distributed with a DD/LL

versus LD/DL ratio of 3:1 which is reflected in the respective site
occupation values for the disordered isomers. Due to the compar-
atively low intensity of the electron density maxima of the less
occupied phenylpyridine ligands, the latter were calculated iso-
tropically and the refinement was stabilized using the AFIX66 for
these ligands. CCDC 1452843 contains the supplementary crystal-
lographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre viawww.
ccdc.cam.ac.uk/data_request/cif.
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Figure S 1. 
1
H NMR spectrum of Ir-BBI-Ru in deuterated dichloromethane. 

 

Figure S 2. Selected part of the 
1
H NMR spectrum of Ir-BBI-Ru in deuterated dichloromethane. 

 



 

Figure S 3. 
1
H-

1
H COSY spectrum of Ir-BBI-Ru in deuterated dichloromethane. 

 

  
Figure S 4. ESI-MS peaks of [Ir-BBI-Ru]

+
 and [Ir-BBI-Ru]

2+
. 

 

 

 

 

 



 

 

Scheme 1. Numbering scheme of the crystal structure of Ir(tmBBI)-H. 

 

 

Scheme 2. Numbering scheme of the crystal structure of Ir(tmBBI)Ir. 



 

Scheme 3. Numbering scheme of the crystal structure of [(tbbpy)2Ru(tmBBI)][PF6]2 (R3). 

 

 

Scheme 4. Numbering scheme of the crystal structure of [{(tbbpy)2Ru}2(μ-tmBBI)][PF6]2 (R2). 



 

 

 

 

Figure S 5. Fluorescence excitation spectra of Ir-BBI-Ru of the emission at λ = 500 nm (black) and at λ = 700 nm 
(normalized). 

 

 
 

 

Figure S 6. Left: Emission decay curves (spectrally integrated streak camera data of the intervals marked in the spectrum on 
the right) of Ir-BBI-Ru in air- equilibrated chloroform. Red circles: Ruthenium core related emission, 580-660 nm; green: 
Iridium core related emission, 510-575 nm. The solid lines represent respective mono-exponential fit curves (black: 48 ns, 
red: 112 ns). Right: Temporally integrated data, i.e. emission spectra, with the respective intervals that were used for 
lifetime determination in green (Ir-based emission) or red (Ru-based emission). 

 

[{(tbbpy)2Ru}2(μ-
tmBBI)][PF6]2 

(Ru-BBI-Ru) 

Ru1-N1 2.124(3) 

Ru1-N2 2.128(3) 
Ru1-N5 2.032(3) 
Ru1-N6 2.043(3) 
Ru1-N8 2.051(3) 
Ru1-N7 2.028(3) 
N2-Ru1-N1 81.05(12) 
N6-Ru1-N5 78.54(13) 
N7-Ru1-N8 78.54(13) 
N7-Ru1-N5 176.34(14) 
N6-Ru1-N2 169.58(13) 
N7-Ru1-N1 168.89(13) 

Table 1 Selected bond lengths [Å] and angles [°] of Ru-BBI-Ru. The numbering scheme is according to that depicted in 
Scheme 4.

1
 



 
 

 

Figure S 7. Left: Emission decay curves (spectrally integrated streak camera data of the intervals marked in the spectrum on 
the right) of Ir-BBI-Ru in air- equilibrated acetonitrile. Red circles: Ruthenium core related emission, 580-660 nm; green: 
Iridium core related emission, 510-580 nm. The solid lines represent respective mono-exponential fit curves (black: 29 ns, 
red: 36 ns). Right: Temporally integrated data, i.e. emission spectra, with the respective intervals that were used for lifetime 
determination in green (Ir-based emission) or red (Ru-based emission). 

 

 

Figure S 8. 
1
H-NMR of Ir(tmBBI)-H2 in deuterated dichloromethane. 



 
 

 

Figure S 9. Left: absorbance and emission spectrum of IrBBI in dichloromethane (c = 5 x 10
-6

 M); right: emission spectra of 
IrBBI (red) and Ir-BBI-Ru (black) in deuterated dichloromethane (c = 5 x 10

-6
 M). 

 

Figure S 10. Emission spectra of IrBBI and [Ir(ppy)2(bpy)]
+
[PF6]

-
 in dichloromethane (c = 5 x 10

-6
 M, λexc = 378 nm). 

 
 

 

Figure S 11. Left: Absorption spectra of Ir-BBI-Ru under catalysis condition measured at different time intervals up to 4 h; 
right: Emission spectra of Ir-BBI-Ru under catalysis condition up to 3.75 h; inset: process within 45 min. 

 



 

Figure S 12. Experimental set up for the irradiation test of samples. 

 

Table 2.  Crystal data and structure refinement for Ru-BBI-Ir. 

 

Empirical formula  C76 H80 F6 Ir N10 P Ru 

Formula weight  1571.74 

Temperature  180(2) K 

Wavelength  1.54178 Å 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 15.4174(4) Å = 86.505(2)°. 

 b = 16.7904(4) Å = 68.364(2)°. 

 c = 17.0628(4) Å  = 85.356(2)°. 

Volume 4089.97(18) Å3 

Z 2 

Density (calculated) 1.276 Mg/m3 

Absorption coefficient 5.251 mm-1 

F(000) 1592 

Crystal size 0.1183 x 0.0589 x 0.0472 mm3 

Theta range for data collection 7.513 to 73.787°. 

Index ranges -19<=h<=19, -20<=k<=20, -15<=l<=21 

Reflections collected 46056 

Independent reflections 16068 [R(int) = 0.0412] 

Completeness to theta = 67.679° 99.7 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 16068 / 1 / 821 

Goodness-of-fit on F2 1.102 

Final R indices [I>2sigma(I)] R1 = 0.0634, wR2 = 0.1654 



R indices (all data) R1 = 0.0754, wR2 = 0.1719 

Largest diff. peak and hole 1.703 and -0.965 e∙Å-3 
 

Figure S12: ORTEP ellipsoid representation of the asymmetric unit of Ir-BBI-Ru with 50% probability level 
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Novel phenanthroline–diaryldiazadiene ligands
with heteroditopic coordination spheres†

Dieter Sorsche,‡ Christian Pehlken,‡ Christian Baur, Sebastian Rommel,
Katharina Kastner, Carsten Streb and Sven Rau*

1,10-Phenanthroline-5,6-diaryldiazadienes are key structures for

the development of novel heterodinuclear photocatalysts and for

the construction of extended heterocycles of potential biological

use. Herein, the first examples of this compound family are pre-

sented together with a wide range of initial reactivity studies. Syn-

thetic strategies are presented to access the two first derivatives of

the ligand and to accomplish subsequent metal coordination to

the phenanthroline sphere.

The direct use of sun light as an energy source for chemical
reactions is an appealing concept for sustainable energy con-
version and storage. One popular molecular approach is the
combination of a light-harvesting unit providing a sufficiently
long-lived triplet excited state, e.g. polypyridyl complexes of
ruthenium(II) and iridium(III), with a catalytic center. The
development of suitable bridging ligands to connect these
components is a challenging task.1–6 2,2′-Bipyridine, on the
one hand, is a widely used coordination motif that allows the
permanent coordination of well-known ruthenium(II), iridium
(III), or osmium(II) chromophores. On the other hand, aryl-sub-
stituted diazadiene ligands are suitable ligands for early tran-
sition metals like chromium(III) and nickel(II), the respective
complexes being potent polymerization catalysts.7–11

Combining bipyridine and diazadiene in one bridging
scaffold is therefore an appealing target (Fig. 1). Synthetic
access to this compound class (1,10-phenanthroline-5,6-di-
aryldiazadienes) by condensation of 1,10-phenanthroline-
5,6-dione with anilines has been investigated since the early
1990s.12

However, thus far, no example of 1,10-phenanthroline-5,6-
diaryldiazadienes has been reported. Following the recent
developments in the synthesis of diazadiene ligands from
aryl-ortho-diones,11,13,14 we were able to synthesize the first
examples of this compound class. Here, we report the syn-
thesis and full structural characterization of the two first
derivatives of 1,10-phenanthroline-5,6-diaryldiazadiene (phen-
(NAr)2) as well as initial studies of its metal binding
capabilities. N,N′-Bis(2,6-dimethylphenyl)-5,6-diazadienyl-1,10-
phenanthroline (phen(N-o-Xyl)2, L1) and N,N′-bis(2,4,6-tri-
methylphenyl)-5,6-diazadienyl-1,10-phenanthroline (phen(N-
Mes)2, L2) were obtained from the condensation of 1,10-phe-
nanthroline-5,6-dione (phenO2) with the respective anilines in
toluene, using titanium(IV) chloride as an oxophilic Lewis acid
and triethylamine as a base (Scheme 1).

Column chromatography of the crude reaction mixture gave
the pure products as deep red solids. CI mass spectrometry
provided an initial identification of the target molecules (m/z =
417 for L1, [M]+; m/z = 445 for L2, [M]+). In both cases, the
1H-NMR spectra exhibit six separate signals for the phenan-
throline moieties as well as two singlets for the methyl groups
of o-xylyl and three singlets with a ratio of 1 : 1 : 2 for mesityl,
respectively, which is in agreement with a Z,E configuration of
the diazadiene system, therefore representing CS symmetry.14

This was confirmed by X-ray crystallographic analysis which
showed that the ligands adopt C1 symmetry due to a twisting

Fig. 1 Merging a bipyridine-type ligand with a diaryldiazadiene ligand
for the selective complexation and bridging of a common transition
metal (TM) complex chromophore and 3d metal catalysts.

†Electronic supplementary information (ESI) available: Synthetic procedures,
HR-ESI mass spectra, 1H-NMR spectra, UV/Vis, emission and excitation spectra,
crystallographic data, electrochemical and spectroelectrochemical data. CCDC
1048465–1048467. For ESI and crystallographic data in CIF or other electronic
format see DOI: 10.1039/c5dt02383a
‡D.S. and C.P. contributed equally to this manuscript.

Ulm University, Institute of Inorganic Chemistry I, Albert-Einstein-Allee 11, 89081

Ulm, Germany. E-mail: sven.rau@uni-ulm.de; Fax: +49 (0)731/50-23039;
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of the phenanthroline backbone. Accordingly, the aryl substi-
tuents in E-configuration lean slightly on the phenanthroline
plane. Steric pressure in the structure is indicated by intra-
molecular short contacts as illustrated in Fig. 2.

Since the 1H-NMR spectrum exhibits CS symmetry, it is con-
cluded that in solution at room temperature the aryl rings con-
stantly slide across the phenanthroline along with an inversion
of the twist of the latter, while the E,Z configuration of the di-
azadiene system is retained. Due to its proximity to the deloca-
lized electron system above the aryl substituent in E-
configuration, the respective proton in position c is more
shielded as compared to its counterpart c′ and therefore
appears high-field shifted (Δδ = 1.61 ppm) in the 1H-NMR
spectrum. The same effect is observed to a lesser degree for
the proton couples b/b′ and a/a′ (for nomenclature see Fig. 2).

As shown by XRD and NMR studies, the E/Z double bond
configuration of the diazadiene moiety prevents metal binding
at this binding site. In order to understand whether the
binding site can be made accessible thermally, temperature-
dependent 1H-NMR spectroscopy was performed in the range
between 300 K and 375 K in DMSO-d6 (see ESI†). At T > 350 K,
coalescence of all signals was observed indicating inversion of
the imine double bond configuration to E/E. Notably, upon
cooling, the reverse process was observed and the original E/Z
configuration was re-established. With respect to the short
intramolecular contacts observed in the solid, we suggest that,
due to steric repulsion from the phenanthroline backbone, the
E-configuration is non-favored. Since at elevated temperature
the inversion barrier is overcome, both imine functions invert

simultaneously in order to reduce the overall steric pressure.
This behavior has previously been reported for related diaryl-
diazadiene derivatives of phenanthrene, which, were not
reported to be suitable for metal coordination in their E,Z
configuration.14 However, metal complexes of these ligands
with nickel, chromium, and magnesium have been reported
elsewhere.11,15,16

We therefore hypothesized that selective metal binding to
the phenanthroline binding site should be possible. To this
end, L1 was reacted with the well-known iridium precursor
[(ppy)2Ir]2(μ-Cl)2 (ppy = 2-phenylpyridine) under mild con-
ditions in a dichloromethane/methanol mixture. From the
crude reaction mixture, a pure product was obtained by pre-
cipitation of the complex as hexafluorophosphate salt and sub-
sequent size exclusion chromatography. Its principal
composition was analyzed by mass spectrometry which con-
firmed the formation of a mononuclear complex {(ppy)2Ir-
[phen(N-o-Xyl)2]}(PF6) (Ir-L1) (m/z = 917.294, [M − PF6]

+). The
complex 1H-NMR spectrum of Ir-L1 is in agreement with a
racemic mixture of Δ and Λ complexes with the iridium center
bound to the phenanthroline moiety and the E,Z configuration
retained.

The respective C1 symmetry of such a complex is character-
ized by eight distinct singlets from the o-xylidine substituents
in the aliphatic region.17,18

XRD studies confirmed selective binding at the phenanthro-
line moiety (Fig. 3). Steric strain on the diazadiene ligand is
again observed by a twisted geometry of the phenanthroline
moiety and intramolecular short contacts, as the o-xylyl moie-
ties lean on the phenanthroline plane. The twist of the latter,
however, is less pronounced as compared to the free ligand,
which is reflected by a pyridine–C5–C6–pyridine dihedral
angle of 27.21° in Ir-L1 as compared to 42.58° in L1. Likewise,
torsion of the diazadiene scaffold is reduced with ∠(NCCN) =
33.86° in the complex as compared to ∠(NCCN) = 45.82° in the
ligand. The more rigid geometry indicates that the metal
center acts as a pivot atom, restraining the overall flexibility of
the ligand in the octahedral coordination sphere.

Fig. 2 Solid-state structure of L1 (hydrogen atoms omitted for clarity,
ellipsoids at 50% probability); left: view along the C5–C6 bond; center:
view perpendicular onto the 1,10-phenanthroline; right: dotted black
lines indicate intramolecular contacts between non-H-atoms.§

Fig. 3 Solid-state structure of Ir-L1 (hydrogen atoms, acetonitrile and
hexafluorophosphate omitted for clarity, ellipsoids at 50% probability);
left: side view through the C5–C6 bond of phen(N-o-Xyl)2; right: top
view perpendicular to the average phenanthroline plane; grey lines indi-
cate intramolecular short contacts.§

Scheme 1 Reaction scheme for the Schiff-base condensation of 1,10-
phenanthroline-5,6-dione with substituted anilines (R = 2,6-Me2; 2,4,6-
Me3) in the presence of titanium(IV) chloride.
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Both ligands L1 and L2 exhibit a striking red color, which
has been investigated via UV/Vis spectroscopy. They show a
broad absorption in the visible light regime which tails off
at about 550 nm. Likewise, the iridium complex shows
unusual visible light absorption up to almost 700 nm (Fig. 4)
(Table 1).19

Weak luminescence at 582 nm was observed for the iridium
complex in dichloromethane, the position and vibronic struc-
ture of which closely resemble the luminescence reported for
the related 1,10-phenanthroline complex (Fig. S7†).19 Cyclic
voltammetry was performed on L1 and its Ir-L1 in acetonitrile
(Fig. S8†). Both the ligand and the complex exhibit an irrevers-
ible reduction step at about −0.9 V (vs. NHE), which is in
agreement with analogous acenaphthene ligands.21 This indi-
cates that the diazadiene located electron acceptor state is
retained upon coordination to iridium. Spectroelectrochemis-
try was performed at −1 V. For L1, the rise of an absorption
band at 465 nm was observed, which vanished after about ten
minutes together with the rise of an absorption band at
370 nm. With respect to the irreversible nature of the corres-
ponding reduction step, we suggest that the radical anion L1•−

might undergo decomposition through a reaction with the
solvent or the electrolyte. A similar process was observed upon
reduction of the iridium complex at −1.0 V, i.e. a rise of two
absorption bands at about 530 nm and 400 nm, whereas the
first one decreases after about 10 minutes (Fig. S9†).

To test whether the diazadiene binding site in Ir-L1 is
accessible, the complex was reacted with several 3d transition
metal fragments. Herein, thermally driven complexation of
zinc(II) or nickel(II) according to literature procedures was not
successful.13 With an excess of tetrakis(acetonitrile)copper(I),
however, a reaction was observed at room temperature in
dichloromethane as the initially orange-brown solution turned
dark within seconds and adopted a ruby red color after
24 hours, along with a significant decrease of the emission
intensity (Fig. S12†).22 The product was characterized by
1H-NMR spectroscopy, which revealed a C2 symmetric species
(Fig. S10†). Formation of the latter could be observed in situ by
time dependent 1H-NMR spectroscopy (Fig. S11†). The appear-
ance of the mononuclear complex in the HR-MALDI spectrum
at m/z = 917.293 confirmed that the diazadiene sphere
remained intact, whereas the 1H-NMR spectra clearly show an
open E/E configuration. In the mass spectrum, however, no
evidence was found for the formation of an iridium(III)/copper
(I) oligonuclear complex and therefore, the composition of the
newly formed species is the subject of a further investigation.

Altogether, a new class of potent bridging ligands featuring
remarkable visible light absorption and selective metal
binding properties has been developed. At first, selectively phe-
nanthroline coordinated iridium(III) chromophore was syn-
thesized, which exhibits a combination of the photophysical
and electrochemical properties of its metalorganic fragment
and the novel ligand, which makes it an interesting building
block for heterodinuclear photocatalysts.
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General materials and procedures 
 

Technical grade solvents were purchased from VWR/Prolabo and redistilled under reduced pressure at 40°C. Acetonitrile for spectroscopic 

measurements was purchased in spectroscopic grade from Roth. Dry and degassed Methanol and Dichloromethan for inert reactions were 

purified  from  the HPLC grade solvents  from VWR/Prolabo with a  solvent purification  system SPS 800  from MBraun. All chemicals were 

purchased  from  Sigma Aldrich, ABCR, Acros Organics, Alfa Aesar or VWR/Prolabo  and used  as purchased  (≥95%).  Inert  reactions were 

performed under an Argon 4.6 atmosphere by means of standard Schlenck techniques. 1,10‐Phenanthrolin‐5,6‐dion and the Iridium dimer 

[(ppy)Ir]2(μ‐Cl)2  (ppy = 2‐phenylpyridine) were  synthesized  following  literature procedures.
1,2 Size exclusion chromatography was carried 

out with Sephadex LH‐20 as stationary phase (particle size 25‐100 μm), purchased from Pharmacia Fine Chemicals AB, Uppsala, Sweden. 
1H‐NMR spectra were recorded at ambient  temperature, unless otherwise stated, with a Bruker 400 MHz spectrometer and Bruker 500 

MHz  spectrometer. All  spectra were  referenced  to  the  corresponding  solvent  residual  signal,  i.e. 1.940 ppm  for Acetonitrile, 7.260  for 

Chloroform,  5.320  for  Dichloromethane  and  4.870  for  Methanol.  LC  mass  analysis  was  performed  on  a  Finnigan  MAT,  SSQ‐7000 

spectrometer, ESI mass analysis was performed on a Shimadzu LC‐MS 2020 equipped with an electrospray ionisation source and a SPD‐20A 

UV/vis detector. X‐ray  crystallography was performed on a SuperNova  (Dual Source) diffractometer, equipped with an ATLAS detector, 

from Agilent Technologies. The structures were  refined by  full‐matrix  least squares  techniques agains Fo
2  (SHELXL 2013).3 The hydrogen 

atoms were included at calculated positions with fixed thermal parameters. All non‐hydrogen atoms were refined anisotropically. 
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Synthesis of (phen(N‐o‐Xyl)2), L1 

 

Under inert conditions 1.85 mL 2,6‐Dimethylaniline (15 mmol) and 6.22 mL Triethylamine (45 mmol) were dissolved in 50 mL dry Toluene  

and the solution was heated up to 90 °C. Within 10 min 1.6 mL TiCl4 (15 mmol) were added via a syringe and subsequently a suspension of 

1.05 g 1,10‐Phenanthrolin‐5,6‐dion (5 mmol) in 15 mL Toluene was added. The dark slur was heated to reflux for 30 min and filtered hot. 

The  solvent  was  removed  from  the  crude  filtrate  under  reduced  pressure  at  40°C  and  the  residue  purified  through  silica  column 

chromatography (eluent: Toluol/Methanol (9:1). The solvent was removed under reduced pressure at 40°C from the oily product fraction 

and  the  residue  was  again  subjected  to  silica  column  chromatography  in  order  to  remove  remaining  aniline.  (eluent: 

Cyclohexan/Ethylacetat (9:1)). After removal of the solvent, the product was received as crystalline red solid. (0.3 g, 0.7 mmol, 14%). Single 

crystals were grown by slow evaporation of the solvent from a solution in ethyl acetate. 

Crystal data for phen(N‐o‐Xyl)2: C28H24N4, Mr = 416.51 g mol‐1, red fragment, crystal size 0.2071 x 0.1818 x 0.1202 mm3, monoclinic, space 

group P 21/c, a = 15.6277(2) Å, b = 7.31640(10) Å, c = 20.3483(3) Å, β = 102.6660(10)°, V = 2269.98(5) Å
3, T = 180.00(14) K, Z = 4, ρcalcd. = 

1.219 Mg/m3, μ (Mo‐Kα) = 0.073 cm
‐1, F(000) = 880, altogether 10877 reflections up to h(‐17/19), k(‐8/8), l(‐25/17) measured in the range 

of 3.459° ≤ Θ ≤ 26.251° , completeness Θmax = 99.7 %, 4445 independent reflections, Rint = 0.0184, 3905 reflections with Fo > 4 σ(Fo), 293 

parameters, 0 restraints, R1obs = 0.0371, wR2obs = 0.0998, R1all = 0.0431, wR2all = 0.1037, GOOF = 1.044, largest difference peak and hole: 

0.288/‐0.171 e/Å
‐3. CCDC 1048465 contains  the supplementary crystallographic data  for  this paper. These data can be obtained  free of 

charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 

1H‐NMR (CD2Cl2, 400 MHz): δ [ppm] = 8.97 (dd, 1 H, 3JH,H = 5 Hz, 
4JH,H = 2 Hz, Ha), 8.77 (dd, 1 H, 

3JH,H = 5 Hz, 
4JH,H = 2 Hz, Ha‘), 8.68 (dd, 1 H, 

3JH,H = 8 Hz, 
4JH,H = 2 Hz, Hc), 7.56 (dd, 1 H, 

3JH,H = 5 Hz, 
3JH,H = 8 Hz, Hb), 7.07 (dd, 1 H, 

3JH,H = 8 Hz, 
4JH,H = 2 Hz, Hc‘), 7.01 (d, 2 H, 

3JH,H = 7 Hz, 

Hd/d‘),  6.97  (dd,  1 H, 
3JH,H  =  5 Hz, 

3JH,H  =  8 Hz, Hb‘),  6.87  (m,  4 H, Hd/d‘  +  2 He/e‘),  2.03  (s,  6 H,  o‐CH3(E)/CH3(Z)),  1.38  (s,  6 H,  o‐

CH3(E)/CH3(Z)). 

13C{1H}‐NMR  (CD2Cl2,  100.6 MHz):  δ  [ppm]  =  157.32,  155.36,  153.69,  153.04,  151.88,  151.31,  149.24,  147.22,  135.24,  134.93,  130.96, 

128.68, 128.08, 126.06, 125.54, 125.22, 124.62, 124.31, 123.52, 123.34, 18.62, 17.53. 

Mass spectrometry (CI): m/z: 401 ([M‐CH4]
+), 417 ([M]+), 445 ([M+Et]+) 

UV/Vis (MeCN, 10‐6 M): ε [M‐1 cm‐1] (λmax [nm]): 80 (405). 
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Synthesis of phen(N‐Mes)2, L2 

 

 

 

Under inert conditions 2.1 mL 2,4,6‐Trimethylaniline (15 mmol) and 6.22 mL Triethylamine (45 mmol) were dissolved in 50 mL dry Toluene  

and the solution was heated up to 90 °C. Within 10 min 1.6 mL TiCl4 (15 mmol) were added via a syringe and subsequently a suspension of 

1.05 g 1,10‐Phenanthrolin‐5,6‐dion (5 mmol) in 15 mL Toluene was added. The dark slur was heated to reflux for 30 min and filtered hot. 

The solvent was removed from the crude filtrate under reduced pressure at 40°C and the residue purified through silica column 

chromatography (eluent: Toluol/Methanol (9:1). The solvent was removed under reduced pressure at 40°C from the oily product fraction 

and the residue was again subjected to silica column chromatography in order to remove remaining aniline. (eluent: 

Cyclohexan/Ethylacetat (9:1)). After removal of the solvent, the product was received as crystalline red solid. (0.2 g, 0.5 mmol, 10%). Single 

crystals were grown by slow evaporation of the solvent from a solution in ethyl acetate. 

Crystal data for phen(N‐Mes)2: C30H28N4, Mr = 444.56 g mol‐1, red prism, crystal size 0.1946 x 0.1303 x 0.0707 mm3, triclinic, space group P ‐

1, a = 9.4981(5) Å, b = 10.2782(5) Å, c = 13.8108(8) Å, α = 92.571(4)°, β = 109.723(5)°, γ = 107.893(5), V = 1191.05(12) Å3, T = 180(2) K, Z = 2, 

ρcalcd. = 1.240 Mg/m3, μ (Cu‐Kα) = 0.572 cm‐1, F(000) = 472, altogether 10930 reflections up to h(‐11/11), k(‐11/12), l(‐17/16) measured in 

the range of 7.637° ≤ Θ ≤ 73.506° , completeness Θmax = 99.5 %, 4642 independent reflections, Rint = 0.0175, 3843 reflections with Fo > 4 

σ(Fo), 313 parameters, 0 restraints, R1obs = 0.0385, wR2obs = 0.1009, R1all = 0.0471, wR2all = 0.1073, GOOF = 1.035, largest difference peak 

and hole: 0.421/‐0.180 e/Å‐3. CCDC 1048466 contains the supplementary crystallographic data for this paper. These data can be obtained 

free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 

1H‐NMR (CD2Cl2, 400 MHz): δ [ppm] = 8.96 (dd, 1 H, 3JH,H = 5 Hz, 
4JH,H = 2 Hz, Ha), 8.76 (dd, 1 H, 

3JH,H = 5 Hz, 
4JH,H = 2 Hz, Ha‘), 8.65 (dd, 1 H, 

3JH,H = 8 Hz, 
4JH,H = 2 Hz, Hc), 7.55 (dd, 1 H, 

3JH,H = 5 Hz, 
3JH,H = 8 Hz, Hb), 7.11 (dd, 1 H, 

3JH,H = 8 Hz, 
4JH,H = 2 Hz, Hc‘), 6.98 (dd, 1 H, 

3JH,H = 5 Hz, 
3JH,H = 8 Hz, Hb‘), 6.83 (s, 2 H, Hd/d‘), 6.68 (s, 2 H, Hd/d‘), 2.26 (s, 3 H, p‐CH3(E)/CH3(Z), 2.18 (s, 3 H, p‐CH3(E)/CH3(Z), 1.98 (s, 6 H, o‐

CH3(E)/CH3(Z), 1.34 (s, 6 H, o‐CH3(E)/CH3(Z). 

13C{1H}‐NMR (CD2Cl2, 100.6 MHz): δ [ppm] = 157.71, 155.51, 153.55, 152.87, 147.03, 146.77, 144.74, 135.25, 134.84, 133.78, 132.57, 

131.15, 129.33, 128.71, 126.25, 125.46, 125.03, 124.46, 123.46, 20.89, 18.54, 17.37. 

Mass spectrometry (CI): m/z: 429 ([M‐CH4]
+), 445 ([M]+), 473 ([M+Et]+) 

UV/Vis (MeCN, 10‐6 M): ε [M‐1 cm‐1] (λmax [nm]): 120 (425). 
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Synthesis of {(ppy)2Ir[phen(N‐o‐Xyl)2]}(PF6)2, Ir‐L1 

 

Under inert conditions, a solution of 50 mg of phen(N‐o‐Xyl)2 (0.12 mmol) and 64.3 mg [(ppy)2Ir]2(μ‐Cl)2 (0.06 mmol) was heated and stirred 

at 60°C for 24 hours. Dichloromethane was removed under inert conditions and an aqueous solution of ammonium hexafluoridophosphate 

(98  mg  /  10  mL  water)  was  added  to  precipitate  the  corresponding  complex  salt.  The  precipitate  was  filtrated  and  washed  with 

diethylether. The dried solid was subjected to size exclusion chromatography  in an azeotropic mixture of chloroform/acetone/methanol. 

The solvent was  removed  from  the product  fraction and  the  residue dissolved  in methanol. The product was complex was precipitated 

upon addition of an aqueous solution of hexafluoridophosphate and the precipitate filtered, washed with diethylether, and the remaining 

solid dried in vacuo. Yield: 80 mg (63.3 %) of a brown powder. Single crystals were grown by slow vapour diffusion of diethyl ether into a 

solution of the complex in acetonitrile. 

Crystal data for {(ppy)2Ir[phen(N‐o‐Xyl)2]}(PF6)∙MeCN: C52H43F6IrN7P, Mr = 1103.10 g mol‐1, brown column, crystal size 0.104 x 0.0633 x 

0.041 mm3, triclinic, space group P ‐1, a = 8.9794(4) Å, b = 16.0111(6) Å, c = 17.5265(8) Å, α = 113.881(4)°, β = 92.391(4)°, γ = 101.791(3), V 

= 2233.54(18) Å3, T = 150.1(4) K, Z = 2, ρcalcd. = 1.640 Mg/m3, μ (Cu‐Kα) = 6.732 cm‐1, F(000) = 1100, altogether 19581 reflections up to h(‐

11/11), k(‐17/19), l(‐21/21) measured in the range of 7.456° ≤ Θ ≤ 74.484° , completeness Θmax = 99.4 %, 9011 independent reflections, Rint 

= 0.0865, 7805 reflections with Fo > 4 σ(Fo), 605 parameters, 0 restraints, R1obs = 0.0509, wR2obs = 0.1344, R1all = 0.0624, wR2all = 0.1412, 

GOOF = 1.155, largest difference peak and hole: 2.069/‐2.258 e/Å‐3. CCDC 1048467 contains the supplementary crystallographic data for 

this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif. 

 

Mass spectrometry (HR‐ESI): 917.294 ([M‐PF6]
+) 

 

UV/Vis (MeCN, 10‐6 M): ε [M‐1 cm‐1] (λ [nm]): 150 (500). 

 

Reaction of Ir‐L1 with Tetrakis(acetonitrile)copper(I) hexafluoridophosphate 

 

1. Under an argon atmosphere, a solution of  Ir‐L1  (5 mg, 4.7 μmol)  in dichloromethane  (1 mL) was stirred at  room  temperature. Excess 

solid  tetrakis(acetonitrile)copper(I) hexafluoridophosphate  (10 mg, 26.8 μmol) was added. An  immediate darkening of  the  solution was 

observed and the mixture was allowed to react for 24 hours. The solvent was removed and the residue taken up with 0.6 mL deuterated 

chloroform and filtered through glass wool. The residual solution was investigated via 1H‐NMR spectroscopy (see Figure S10). 

 

���Under  an  argon  atmosphere  Ir‐L1  (5 mg,  4.7 μmol) was  dissolved  in  deuterated  chloroform.  After  an  1H‐NMR  spectrum  had  been 

recorded, solid excess of tetrakis(acetonitrile)copper(I) hexafluoridophosphate (10 mg, 26.8 μmol) was added and a second spectrum was 

recorded after ten minutes. The solution was then stirred  in the NMR tube for 24 hours before another spectrum was recorded. (for all 

spectra see Figure S11). 

 
1H‐NMR (CDCl3, 400 MHz): δ [ppm] = 7.93 (dd, 2H), 7.90 (d, 2H), 7.74 (d, 2H), 7.63 (m, 4H), 7.53 (dd, 2H), 7.22/7.17 (dt/m,4H, mixed with 

the solvent residual signal), 7.08 (t, 2H), 7.03 (m, 4H), 6.92 (dt, 2H), 6.80 (dt, 2H), 6.16 (dd, 2H), 2.40 (s, 6H), 1.97 (s, 6H). 
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Figure S1: NMR spectra of L1 in CD2Cl2; top left: 1H‐NMR spectrum; top right: 13C{1H}‐NMR spectrum; bottom: H,H‐COSY spectrum of the 

aromatic region. 
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Figure S2: NMR spectra of L2 in CD2Cl2; top left: 1H‐NMR spectrum; top right: 13C{1H}‐NMR spectrum; bottom: H,H‐COSY spectrum of the 

aromatic region. 

 

 

 

Figure S3: Aromatic region of the temperature dependant 1H‐NMR spectra of L1 in DMSO‐d6 at 300 K, 350 K, 375 K, 350 K, and 375 K, 
subsequently. 
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Figure S7: Absorption and emission spectra of Ir‐L1 in dichloromethane (10
‐5 M). 

 

Figure S8: Cyclic voltammogram of L1 and Ir‐L1 recorded in 1 mM solutions in deaerated acetonitrile with 0.1 M (nBu4N)PF6 as supporting 
electrolyte, scan rate 50 mV/s, Ferrocene as internal standard (Fc/Fc+ vs NHE 0.63 V) 
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Figure S9: Spectroelectrochemical data for L1 and Ir‐L1 at ‐1.05 V recorded in 1 mM solutions in deaerated acetonitrile with 0.1 M 
(nBu4N)PF6 as supporting electrolyte; blue arrows indicate the spectral changes during the first process observed, red arrows indicate 

significant changes observed during a second process; left: reduction of L1 at ‐1.05 V vs. NHE; right: reduction of Ir‐L1 at ‐1.1 V; red arrows 
indicate spectral changes observed upon reduction. 

 

Figure S10: 
1H‐NMR spectrum of Ir‐L1 after reaction with excess of tetrakis(acetonitrile)copper(I) hexafluorophosphate in 

dichloromethane, removal of the solvent, uptake in deuterated chloroform and filtration through glass wool. 
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Figure S11: 
1H‐NMR spectra (aromatic region) showing the progression of the reaction between Ir‐L1 and tetrakis(acetonitrile)copper(I) 

hexafluorophosphate in deuterated chloroform; A educt spectrum; B ten minutes after addition of the copper complex; C 24 hours after 
addition of the copper complex; D spectrum of the product obtained after reaction in dichloromethane and filtration in deuterated 

chloroform (Figure S7). 

 

Figure S12: UV/Vis spectra (left) and emission spectra (right) of a solution of Ir‐L1 in dichloromethane before (orange line), 5 minutes after 
(pink line), and 24 hours after the addition of Cu(NCCH3)4PF6 (brown line); a darkening of the solution is characterized by the rise of an 
absorption band between 450 nm and 650 nm, and significant decrease of emission intensity, indicative for a reaction between the 

diazadiene and copper(I).
4 
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Table S1. Crystal data and structure refinement for L1. 

 

Empirical formula   C28 H24 N4 

Formula weight   416.51 

Temperature   180.00(14) K 

Wavelength   0.71073 Å 

Crystal system   Monoclinic 

Space group   P 21/c 

Unit cell dimensions  a = 15.6277(2) Å  α = 90°. 

  b = 7.31640(10) Å  β = 102.6660(10)°. 

  c = 20.3483(3) Å  γ = 90°. 

Volume  2269.98(5) Å3 

Z  4 

Density (calculated)  1.219 Mg/m3 

Absorption coefficient  0.073 mm‐1 

F(000)  880 

Crystal size  0.2071 x 0.1818 x 0.1202 mm3 

Theta range for data collection  3.459 to 26.251°. 

Index ranges  ‐17<=h<=19, ‐8<=k<=8, ‐25<=l<=17 

Reflections collected  10877 

Independent reflections  4445 [R(int) = 0.0184] 

Completeness to theta = 25.242°  99.7 %  

Refinement method  Full‐matrix least‐squares on F2 

Data / restraints / parameters  4445 / 0 / 293 

Goodness‐of‐fit on F2  1.044 

Final R indices [I>2sigma(I)]  R1 = 0.0371, wR2 = 0.0998 

R indices (all data)  R1 = 0.0431, wR2 = 0.1037 

Largest diff. peak and hole  0.288 and ‐0.171 e.Å‐3 
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Table S2. Crystal data and structure refinement for L2. 

 

Empirical formula   C30 H28 N4 

Formula weight   444.56 

Temperature   180(2) K 

Wavelength   1.54178 Å 

Crystal system   Triclinic 

Space group   P ‐1 

Unit cell dimensions  a = 9.4981(5) Å  α = 92.571(4)°. 

  b = 10.2782(5) Å  β = 109.723(5)°. 

  c = 13.8108(8) Å  γ = 107.893(5)°. 

Volume  1191.05(12) Å3 

Z  2 

Density (calculated)  1.240 Mg/m3 

Absorption coefficient  0.572 mm‐1 

F(000)  472 

Crystal size  0.1946 x 0.1303 x 0.0707 mm3 

Theta range for data collection  7.637 to 73.506°. 

Index ranges  ‐11<=h<=11, ‐11<=k<=12, ‐17<=l<=16 

Reflections collected  10930 

Independent reflections  4642 [R(int) = 0.0175] 

Completeness to theta = 67.679°  99.5 %  

Refinement method  Full‐matrix least‐squares on F2 

Data / restraints / parameters  4642 / 0 / 313 

Goodness‐of‐fit on F2  1.035 

Final R indices [I>2sigma(I)]  R1 = 0.0385, wR2 = 0.1009 

R indices (all data)  R1 = 0.0471, wR2 = 0.1073 

Largest diff. peak and hole  0.421 and ‐0.180 e.Å‐3 
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Table S3. Crystal data and structure refinement for Ir‐L1. 

 

Empirical formula   C52 H43 F6 Ir N7 P 

Formula weight   1103.10 

Temperature   150.1(4) K 

Wavelength   1.54178 Å 

Crystal system   Triclinic 

Space group   P ‐1 

Unit cell dimensions  a = 8.9794(4) Å  α = 113.881(4)°. 

  b = 16.0111(6) Å  β = 92.391(4)°. 

  c = 17.5265(8) Å  γ = 101.791(3)°. 

Volume  2233.54(18) Å3 

Z  2 

Density (calculated)  1.640 Mg/m3 

Absorption coefficient  6.732 mm‐1 

F(000)  1100 

Crystal size  0.104 x 0.0633 x 0.041 mm3 

Theta range for data collection  7.456 to 74.484°. 

Index ranges  ‐11<=h<=11, ‐17<=k<=19, ‐21<=l<=21 

Reflections collected  19581 

Independent reflections  9011 [R(int) = 0.0865] 

Completeness to theta = 67.679°  99.4 %  

Refinement method  Full‐matrix least‐squares on F2 

Data / restraints / parameters  9011 / 0 / 605 

Goodness‐of‐fit on F2  1.155 

Final R indices [I>2sigma(I)]  R1 = 0.0509, wR2 = 0.1344 

R indices (all data)  R1 = 0.0624, wR2 = 0.1412 

Largest diff. peak and hole  2.069 and ‐2.258 e.Å‐3 

 

 
Notes and references 
 
1  K. A. King, P. J. Spellane and R. J. Watts, Journal of the American Chemical Society, 1985, 107, 1431–1432. 
2 M. G. Pfeffer, L. Zedler, S. Kupfer, M. Paul, M. Schwalbe, K. Peuntinger, D. M. Guldi, J. Guthmuller, J. Popp, S. Gräfe, B. Dietzek and S. Rau, 
Dalton transactions (Cambridge, England : 2003), 2014, 43, 11676–86. 

3  G. M. Sheldrick, Acta crystallographica. Section A, Foundations of crystallography, 2008, 64, 112–22. 
4  V. Rosa, C. I. M. Santos, R. Welter, G. Aullón, C. Lodeiro and T. Avilés, Inorganic chemistry, 2010, 49, 8699–708.  
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