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Abstract 

In order to achieve fair and easy access to energy for all and at the same time tackle 

climate change, the switch from fossil fuels to renewables is inevitable. Among renewable 

energy sources the energy delivered by the sun is by far the most abundant and most 

equally distributed around the globe. In order to make solar energy useable in a 

convenient way, its storage is a key point. A great potential to store (and later on release) 

energy lies in the formation of chemical bonds. In nature this process is performed by 

plants, algae and certain microorganisms in natural photosynthesis. In this process very 

abundant feedstocks – namely light, water and carbon dioxide – are used to generate high-

energy chemicals like ATP, NADPH and with their aid hydrocarbons like sugars. Artificial 

photosynthesis tries to mimic this approach by generating devices or molecules that are 

able to carry out similar reactions. The most straightforward way to do this is the splitting 

of water into molecular hydrogen and oxygen by solar energy. Among the different 

methods, the use of supramolecular photocatalysts – often also called photochemical 

molecular devices (PMDs) – should ultimately be the most efficient one. Here the 

captured light energy is directly used to fulfil the water splitting reactions by a molecular 

entity and thereby with high atom economy. 

In the present work an introduction is given on the principal mechanisms of natural 

photosynthesis and how these can be adapted in artificial systems. As light absorption is 

the key event to generate working photochemical devices the photophysical fundamentals 

of the related processes are outlined on the example of ruthenium polypyridine complexes.  

In this thesis the use of PMDs for the reduction of protons in aqueous solution was 

investigated. In a literature overview the reasons for the use of the distinct metal centres 

for the light absorption and catalytic processes, as well as the benefits of N-heterocyclic 

carbene (NHC) bridging ligands are explained. 

Considering these fundamentals PMDs comprised of ruthenium polypyridine 

photosensitisers, imidazophenanthroline (ip) based NHC bridging ligands and catalytic 

centres containing platinum group metals (M) were designed. The process of development 

of these RuRRipM systems is described: starting from the synthesis and first successful 

application of RuRRipM complexes as photocatalysts, over to problems in synthesis that 

were encountered and solved, arriving at a system that enables in situ tuning of the 

catalytic performance. 

The structure-property-correlation that can be drawn from investigations on a molecular 

level is the main argument for the use of PMDs as catalysts. Therefore it is important to 

understand fundamental photophysical and photochemical processes that are induced by 

light absorption. A new method that gives straightforward access to information on many 

of these dynamics is presented as well. 

Finally a conclusion is drawn on the generated results. Additionally an outlook is given on 

how RuRRipM systems could be further improved and the benefits of their prospective use 

in water splitting devices is presented.  
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1. Motivation 

As from January of 2016 the United Nations’ (UN) Sustainable Development Goals (SDGs) 

entered into force. Thereby it was declared political will on a global level to ensure access 
to affordable, reliable, sustainable and modern energy for all  SDG .[1,2] This goal can be 

seen as a key SDG as it is strongly linked to many other of the 17 SDGs and especially to 

SDG13 aiming to combat climate change. The anthropogenic use of fossil fuels and the 

associated emission of greenhouse gases – especially carbon dioxide (CO2) – are the main 

contributors to climate change.[3] Even though a transformation towards more sustainable 

energy supply has already started, big challenges still lie ahead.[4] The vast majority of 

energy is still supplied by fossil fuels such as coal, oil and natural gas while only about 10% 

are generated by modern renewables like hydro-, wind and solar power or geothermal and 

solar heat (Figure 1).[5] Overall the share of direct solar derived energy is still very little, 

despite its huge potential. 

 

Figure 1: Estimated share of different energy carriers in global final energy consumption (2014). 
Reproduced from REN21, 2016, Renewables 2016 Global Status Report.[5] 

Although fossil energy resources could last for several decades or maybe even centuries 

they have inevitably a finite nature and become more and more difficult to extract from 

their natural deposits.[6] This renders them unsustainable as their production as well as 

their use is connected to environmental issues such as contamination and destruction of 

the environment or global warming, respectively.[3] Among renewable energy sources – in 

fact among all available energy sources – the sun is by far the greatest and most potent 

one, supplying almost 10.000 times more energy to the earth’s surface than is used by 

humankind.[7] Not only is the sun the most abundant energy source but also the most 

equally distributed over the earth’s surface enabling clean energy perspectives all around 

the globe, independent of the presence of natural (energy) resources. Most of the energy 

that is captured from the sun nowadays is either used directly as heat or converted into 

electrical power by photovoltaic (PV) devices. The drawback of electricity however is that 

it has to be used the moment it is produced. Even though this electricity can be stored e.g. 

by pump-storage of water or more directly in batteries, these methods require the use of a 
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lot of land / natural resources and have relatively low energy densities.[8] Also 

transformations from one form of energy into another are always accompanied by energy 

losses thus adding to the limited efficiency of energy storage from silicon based PV 

modules. Therefore the direct conversion of solar energy into an easily storable and 

utilizable form of energy – solar fuels – is highly desirable. An inspiration for such a 

mechanism is natural photosynthesis (NP) where absorption of sunlight leads to the 

splitting of water into oxygen and the natural hydrogen carrier NADPH that is used to 

reduce CO2 to hydrocarbons such as sugars. By this process abundant, low-energy / low-

cost materials are converted into high-energy / high-value chemicals by the aid of 

sunlight. The approach to mimic this procedure by splitting water into hydrogen gas (H2) 

and oxygen gas (O2) is called artificial photosynthesis (AP).  

 

Figure 2: Artificial photosynthesis approach leading to a carbon-free energy cycle by using sunlight to 
split water into its elements and release of energy by the reverse reaction. Copyright and related 
rights of this figure waived via CC0. 

Hydrogen gas is an attractive energy carrier as it has a high energy density and its 

combustion (or oxidation in general) leads to water as the only product. Thereby a carbon 

free energy cycle could be established leading to a sustainable access to energy for many 

and at the same time climate issues can be tackled (Figure 2). 

How energy conversion concepts work in nature and how this approach can be used in 

artificial systems is described in the following chapters of this work. The focus is set on the 

utilisation of molecular photochemical devices for the reduction of water. This concept 

enables direct and efficient energy conversion and control of the underlying mechanisms 

on a molecular level. 

https://creativecommons.org/publicdomain/zero/1.0/
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2. Theoretical background 

2.1. Natural photosynthesis 

The fossil energy carriers we use today – namely reduced / hydrogenated carbon 

compounds – are, in fact, stored solar energy in the form of biomass that has accumulated 

over millions of years. Biomass is produced by natural photosynthesis, a reaction that 

stores solar energy in chemical bonds. In this reaction abundant, low-energy reactants like 

H2O and CO2 are finally converted into high-energy hydrocarbons and O2 as a side 

product by the aid of sunlight. While the actual reduction of CO2 into glucose takes place 

in a dark  reaction – the Calvin cycle – the primary energy-rich products of natural 

photosynthesis are adenosine triphosphate (ATP) and the reduced form of nicotinamide 

adenine dinucleotide phosphate (NADPH).[9] These molecules are generated by a cleverly 

devised reaction cascade making use of an electron transport chain that is fuelled by light 

energy absorbed by two photocentres (Figure 3).[9–11]  

 

Figure 3: Simplified scheme of the electron transport cascade and reactions occurring in NP. Solid 
bars represent energy levels, arrows show direction of electron transport. OEC = oxygen evolving 
complex, Tyr = tyrosine, Pheo = pheophytin, (P)Q = (plasto)quinone, PC = plastocyanin, Chl = 
chlorophyll, Vit = vitamin, FeS = iron-sulfur cluster. Copyright and related rights of this figure waived 
via CC0. 

These photocentres consist of a huge number of organic molecules (e.g. carotenes) and 

coordination compounds (chlorophylls  which feature an extended π-system allowing 

them to absorb visible light (Figure 4). Most of these molecules are antenna pigments that 

harvest  the light’s energy and transport it to the actual reaction centre, the special pair 

(SP). This process is very efficient due to the well-adjusted 3-dimensional orientation and 

precise tuning of the energy levels of these molecules.[10] As excited molecules have an 

increased reduction and oxidation potential at the same time (see chapter 2.3.1 for 

explanation), the excited SP in photosystem P680 is able to reduce a nearby pheophytin (a 

metal-free chlorophyll) molecule. Thereby charge separation has taken place and in order 

https://creativecommons.org/publicdomain/zero/1.0/
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to avoid recombination (and thus energy lossa) the electron is transferred directional 

towards P700 via several quinones (QA, QB, PQ, compare Figure 3 and Figure 4) to the 

cytochrome-b6f complex. This enzyme relays the electron to plastocyanin (PC), a copper 

containing redox active enzyme. At the same time cytochrome-b6f pumps H+ into the 

thylakoid lumen building up a transmembrane proton gradient. The reduced PC functions 

as an electron reservoir for photosystem P700. Here in similar manner to P680 the photo-

excited P700 reduces a chlorophyll a (Chl-a) molecule that in turn reduces a quinone. 

From here the electron is then further relayed via several different ferredoxin proteins 

(containing FeS-clusters) to the enzyme ferredoxin-NADP+ reductase. This enzyme has a 

flavin adenine dinucleotide (FAD) as a prosthetic group. FAD enables the uptake of the 

necessary two electrons from two ferredoxin molecules for the formation of NADPH 

(compare Figure 4).[9] This transport chain works so well because the redox potentials of 

the single molecules are adjusted in a stepwise, downhill manner facilitating the electron 

transfer into one direction but hindering the reverse direction as implied in Figure 3. This 

is supported by likewise well-defined intermolecular distances and the combination of 

(membrane)bound and mobile transport units. 

 

Figure 4: Selected molecules that fulfil important tasks in natural photosynthesis like light 
absorption (carotene, chlorophylls) or electron transfer (quinones, tyrosine, FeS-clusters, FAD). 

The electron deficiency of the earlier oxidised P680+ is restored by electrons that are 

shuttled by a loosely bound tyrosine from the oxygen evolving complex (OEC). This 

complex is an enzyme that contains a Mn4Ca-cluster as the active centre. Four electrons 

are successively removed from the manganese ions (most likely oxidation states III → IV) 

of the cluster.[11] Finally, this leads to the oxidation of two O2- (from water) to O2. This is 

enabled by a proton-coupled electron transfer (PCET) mechanism which ensures that the 

redox potential of the cluster does not become too positive (and thus becomes even harder 

to oxidise). At the same time the protein shell around the cluster guarantees high 

                                                      
a
 Energy, of course, cannot be lost or destroyed but only be converted from one form into another. The term 

energy loss in the context of this thesis refers to an unwanted / non-directional transformation of energy. 
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substrate specificity and thereby avoids the oxidation of other (more easily oxidised) 

compounds or the release of reactive intermediates such as peroxides or hydroxide radicals 

that would damage the cell.[10] The protons formed by water oxidation are released into the 

thylakoid lumen. This adds to the earlier mentioned H+-gradient between thylakoid lumen 

and chloroplast stroma which is used by the ATP synthase to form ATP from adenosine 

diphosphate (ADP) and phosphate. By these mechanisms the energy of absorbed photons 

is conserved in ATP and NADPH. Of these molecules NADPH is especially interesting as it 

can be seen as the natural, organic equivalent to the inorganic but for human / technical 

use more suitable energy carrier H2. 

In nature the different tasks that have to be fulfilled during photosynthesis are carried out 

by specialised subunits. Light absorption is realised by large unsaturated molecules like 

chlorophylls that can be easily excited due to their extended π-system. The chlorophyll 

molecules are aligned by fixation of their phytyl-chain (in the membrane) and by 

coordination of protein donor groups to the two free coordination sites of the central 

magnesium ion in a precisely defined manner (compare Figure 5). The short distance 

between light absorbing molecules and spectral overlap of their absorption and emission 

bands enables Förster resonance energy transfer. This mechanism is based on dipole-

dipole interactions of spatially adjacent (< 10 nm) molecules. Overall, the well-defined 

arrangement of many of these molecules guarantees efficient energy transport to the SP. 

Due to the π-interaction between the chlorophyll molecules in the SP they are lower in 

energy and therefore function as an energy funnel.[10] Upon excitation of the SP the 

electron transfer is initiated.  

 

Figure 5: Light harvesting complex of a purple bacterium. Produced from 
http://www.rcsb.org/pdb/explore/explore.do?structureId=1KZU.[12] 

This electron transfer proceeds in a directional manner along the above mentioned chain 

due to the accurately downward adjusted redox potentials of the single electron 

http://www.rcsb.org/pdb/explore/explore.do?structureId=1KZU
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transporting components and their clever arrangement.[10] This leads to a stepwise loss of 

energy, however, at the same time it ensures that charge recombination is prevented, 

which would result in a fast and non-channelled energy loss. Finally, the chemical 

reactions leading to the oxidation of oxygen or the reduction of protons from water, 

respectively, are carried out by enzymes that are specialised to catalyse this specific 

reaction. Even though this mechanism works well, the overall efficiency of photosynthesis 

in terms of solar to chemical energy conversion in plants is maybe as much as 4.5% at a 

maximum for some plants but is in general about 1%.[13] This is due to the fact that plants 

are rather adjusted to be able to live in their environmental surrounding than to produce a 

maximum of biomass. Also, only blue and red light wavelengths are absorbed by plants 

while green light remains unused what lowers overall efficiency.  

2.2. Artificial photosynthesis 

In order to enable a highly efficient transformation of solar to chemical energy, it would be 

very attractive to adopt the concept of natural photosynthesis and store solar energy 

directly in chemical bonds e.g. by splitting H2O into H2 and O2. This idea is more than one 

hundred years old and has been pioneered by Giacomo Ciamician.[14] However, up to now, 

no sufficiently efficient, cheap and reliable way has been found to achieve this on large 

scale. H2 is an attractive energy carrier as it has a high energy density of 119 kJ/g and can 

for example be used directly in existing infrastructure in mix with natural gas.[15] Or, 

additionally several approaches exist to further process H2 and thereby convert it into 

more conveniently usable forms like hydrocarbons such as methanol, formic acid and 

others by the reduction of CO2 or aromatic carbon compounds.[16–18] The direct reduction 

of CO2 by photocatalysts to form solar fuels is also a point of investigation.[19,20] The 

challenge to generate reducing equivalents by splitting water into its elements, however, is 

the rather high energy input that is needed as well as the difficulty of performing these 

multi electron redox reactions in a reliable and efficient manner.[21] Taking nature as a role 

model a device for water splitting should contain similarly specialised subunits that fulfil 

distinct tasks – namely light absorption, electron transport and catalytic turnover – as 

outlined in Figure 6. 

 

Figure 6: Schematic representation of an artificial photosynthesis setup. Cox = oxidation catalyst, PS = 
photosensitiser, Cred = reduction catalyst. Copyright and related rights of this figure waived via CC0. 

https://creativecommons.org/publicdomain/zero/1.0/
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A photosensitiser (PS) is used to absorb light energy and thereby initiate directional 

electron transport to a reduction catalyst (Cred) where the conversion of protons to H2 

would take place. The electron deficiency of the now oxidised PS+ would be compensated 

by electrons that are removed from an oxidation catalyst (Cox) which in turn would oxidise 

H2O releasing O2 and H+. However, as already mentioned these are multi electron 

processes as seen in equations (1) and (2). 2�2� →  �2 + 4�+ + 4�− (1) 2�+ + 2�−  →   �2 (2) 

These reactions would require the PS to be excited multiple times in order to transport 

enough electrons to / from the specific catalytic sites until enough charge is accumulated 

for the catalytic turnover. Also the charge separation would need to be sufficiently long-

lived and the photosensitiser would need fitting redox potentials to overcome the 

repulsion of the built up charge. 

In order to simplify the setup the oxidation and reduction half-reactions can be separated 

into two individual systems. To achieve this, different approaches can be used. Either a 

photoelectrochemical setup is used where the reactions then take place on the surface of 

photoelectrodes and the electrons are transferred via an electrically conducting 

connection between anode and cathode. Systems making exclusively use of semiconductor 

materials to split water are called photoelectrochemical cells (PECs) while those that 

utilize a combination of dyes and semiconductors are called dye-sensitised 

photoelectrochemical cells (DSPECs) and are an analogue to dye-sensitised solar cells 

(DSSCs).[22] The first PEC able to split water was reported in the early 70s by Fujishima and 

Honda and consisted of a TiO2 photoanode that under irradiation produced O2 from an 

aqueous solution while H2 was formed at the platinum cathode.[23] However only the high 

energy proportion of visible light is utilised in that case as the photon energy must be high 

enough to excite electrons from the valence into the conduction band over the large 

bandgap of TiO2 (about 3 eV). The principle arrangement of the cell is depicted in Figure 7. 

 

Figure 7: Setup of a PEC on the example of the Fujishima-Honda cell with spatially seperated half-
reactions.[23] Copyright and related rights of this figure waived via CC0. 

Even though a lot of effort has been put into the engineering and optimisation of 

semiconductor materials for water splitting several drawbacks remain in single material 

https://creativecommons.org/publicdomain/zero/1.0/
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PECs like the difficulty of bandgap adjustment and efficiency and stability issues.[24] The 

efficiency can be increased by deposition of co-catalysts on the electrode surface but so far 

most of these co-catalysts are precious noble metals. Due to the bulk nature of PEC 

systems a high amount of (co-catalyst) material is necessary, making the use of more 

abundant metals a necessity.[25] A great potential lies in DSPECs which have attracted 

significant attention in the research community in recent years.[26–28] In these systems the 

PS is a molecular unit that is attached to a (photo)electrode together with a catalyst (not 

necessarily interconnected) to facilitate water splitting (Figure 8). This leads to a higher 

atom economy in comparison to PEC systems as – due to the molecular approach – every 

metal centre can (possibly) act as PS or catalyst. 

 

Figure 8: Schematic presentation of a DSPEC consisting of photoelectrodes with immobilised 
photosensitisers and catalysts for water oxidation or reduction, respectively. Copyright and related 
rights of this figure waived via CC0. 

Additionally it is possible to build systems that instead of using electrodes to provide or 

remove electrons from the catalytic sites, make use of sacrificial electron donors or 

acceptors and thereby allowing for the investigation of one half-reaction at a time. 

Pioneering works for the evolution of H2 from water were reported by Lehn and Sauvage in 

the late 70s.[29,30] Here a mixture of homogeneous and heterogeneous units was used 

namely ruthenium and rhodium bipyridine complexes as PS and electron relay, 

respectively, and Platinum colloids as Cred. At the same time concepts for the light induced 

oxidation of water were proposed by the groups of Lehn and Grätzel making use of 

ruthenium bipyridine complexes and colloidal catalysts.[31,32] Since then and especially in 

the last decade the interest in photocatalytic water splitting catalysis has risen 

significantly.[33–35] Even though the used multicomponent systems have the advantage of 

easy preparation, a drawback is that the electron / energy transfer depends on the 

probability of collision processes between the single subunits.[36] Therefore photocatalysts 

that combine all the necessary subunits in one (supra)molecule are believed to be 

ultimately more efficient. Furthermore, these compounds – often coined photochemical 

molecular devices (PMDs) – can be modified and investigated on a molecular level.[37] This 

means the single subunits can be altered piece by piece by synthetic means and then be 

investigated as a whole. Thereby the possibility is opened up to correlate changes in the 

https://creativecommons.org/publicdomain/zero/1.0/
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molecular structure to the photochemical and photophysical properties of the compound. 

Additionally, the catalytic performance of differently modified PMDs can be benchmarked 

and compared. Thus a correlation between the structure of the catalyst and its properties 

and performance can be drawn. Altogether this should finally enable the knowledge-

driven design of optimised photocatalysts which is a key argument for the use of 

(supra)molecular catalysts.[38] The principle structure of PMDs for the half-reactions of 

water splitting is presented in Figure 9. They usually consist of a photosensitiser (PS) to 

absorb luminous energy and a bridging ligand (BL) that acts as an electron relay and at the 

same time should stably connect the PS to the catalytic centre (CC) where either the 

oxidation or reduction of water takes place.  

 

Figure 9: Schematic presentation of PMDs for water oxidation and reduction half-reaction, 
respectively. CC = catalytic centre, BL = bridging ligand, PS = photosensitiser, A = sacrificial acceptor, 
D = sacrificial donor. Copyright and related rights of this figure waived via CC0. 

In line with the before mentioned concepts of photosynthesis these PMDs need to fulfil 

certain criteria in order to function as efficient photocatalysts: 

 The PS should strongly absorb light in the visible (and ideally in the near 

ultraviolet (UV) and infrared (IR)) region. 

 The energy levels of the single subunits should enable directional electron 

transfer.  

 The BL should provide a stable bond to the metal centres of PS and CC in 

all occurring oxidation states without interfering with their properties. 

 The CCs should catalyse the wanted reactions with high specificity and 

efficiency to avoid unwanted side reactions and increase catalytic output. 

All of these are challenging requests but significant improvement in the development of 

the above mentioned concepts has been made in recent years as summarised by reviews of 

Artero, Sun, Meyer and others.[39–43] In the following chapters new ideas are presented on 

how the key criteria for successful artificial photosynthetic devices can be addressed. 

Of course without the absorption of light no photocatalytic reaction could proceed. 

Therefore efficient PSs are of great importance. Among the most often used PSs are 

ruthenium polypyridine complexes due to their beneficial photoproperties which are 

described in the next section. 

https://creativecommons.org/publicdomain/zero/1.0/
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2.3. Photophysics and Photochemistry 

2.3.1. Photophysical basics 

The basis for the possibility of molecules to perform reactions as mentioned in the 

previous subchapters is their ability to absorb (visible) light. In principal this process is the 

same for all molecules (or matter in general) and follows the simplified scheme depicted in 

Figure 10.  

 

Figure 10: Jablonski diagram showing principal absorption and emission processes. A = absorption, F 
= fluorescence, IC = internal conversion, ISC = intersystem crossing, P = phosphorescence, S0 = ground 
state, S1 = singlet excited state, T1 = triplet excited state, VR = vibronic relaxation, bold lines represent 
electronic states, non-bold lines vibronic states.[44] Copyright and related rights of this figure waived 
via CC0. 

Upon absorption (A) of a photon an electron is excited from the S0 singlet ground state to 

a singlet excited state S1 / S2
 depending on the photon energy. This often results also in 

vibronic excitation (displayed by non-bold lines). These states decay by radiationless 

deactivation called vibronic relaxation (VR) which is basically a transfer of heat 

(translational, rotational or vibrational energy) to nearby molecules. VR is often also a 

prominent deactivation pathway from electronically excited states after internal 

conversion (IC) took place. The radiative decay that corresponds to the reversed process of 

absorption is called fluorescence (F). Here a photon is emitted while the electron goes 

from the vibronically lowest level of the S1 excited state to the S0 ground state Kasha’s 
rule).[45] Therefore the emission wavelength is normally shifted by the so called Stokes 

shift to lower energy / higher wavelength compared to the absorption wavelength. If heavy 

atoms with a high spin-orbit coupling constant are present in the molecule intersystem 

crossing (ISC) process can occur resulting in the triplet excited state T1. This spin-flip 

process is forbidden which results in relatively long lifetimes (up to microseconds) of 

triplet excited states as their deactivation – either radiationless via another ISC process 

followed by VR or in a radiative decay called phosphorescence – again makes a forbidden 

spin-flip necessary.[44] 

https://creativecommons.org/publicdomain/zero/1.0/
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While the molecule is in an electronically excited state its reactivity is changed 

significantly in comparison to the ground state. Due to the high energy level of the 

electron that is excited into the lowest unoccupied molecular orbital (LUMO) it can easily 

be transferred to a nearby acceptor molecule with a lower lying unoccupied orbital. At the 

same time the hole  that remains on the (formerly) highest occupied molecular orbital 

(HOMO) can be filled if a donor molecule is present that has an energetically higher lying 

occupied orbital (see Figure 11).[46] 

 

Figure 11: Redox properties of excited states. HOMO = highest occupied molecular orbital, LUMO = 
lowest unoccupied molecular orbital. Copyright and related rights of this figure waived via CC0. 

It is quite plausible that the mentioned redox reactions have a higher probability to occur 

the longer the excited state lifetime is. In order to make use of electronically excited states 

for photocatalytic reactions the PS should fulfil certain criteria 

 The population of the excited state should take place with high efficiency. 

 The excited state should have a sufficiently long lifetime in order to 

facilitate the wanted reaction. 

 The PS should have fitting energy levels in order to be able to oxidise / 

reduce the substrate. 

 At the same time the PS should not have a too huge difference between the 

ground and excited state level in order to be able to absorb a significant 

proportion of visible light. 

2.3.2. Photophysics and Photochemistry of Ru polypyridine complexes 

Ruthenium polypyridine complexes fulfil these criteria and are therefore well investigated 

and often used in photochemical reactions.[47] The photophysics and photochemistry will 

be discussed in more detail on the example of [Ru(bpy)3]
2+ (Rubpy, bpy = , ’-bipyridine) 

which can be seen as the archetype of ruthenium polypyridine complexes. The absorption 

and emission spectrum of Rubpy in acetonitrile is shown in Figure 12. 

https://creativecommons.org/publicdomain/zero/1.0/
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Figure 12: Absorption (solid) and emission spectrum (dotted) of Rubpy in acetonitrile solution. MLCT 
= metal-to-ligand charge transfer, LC = ligand centred transition, MC = metal centred transition. 
Copyright and related rights of this figure waived via CC0. 

At lower wavelength (250 nm) a metal-to-ligand charge transfer (MLCT) is observed, 

closely accompanied by a very intense absorption of ligand centred (LC) nature. At around 

350 nm the weak absorption of metal centred (MC) transitions can be seen as a shoulder 

while another prominent MLCT band appears between roughly 400 and 500 nm. These 

transitions correspond to the excitation of electrons from occupied orbitals into empty 

(anti-bonding) orbitals as depicted in Figure 13. LC transitions reflect the excitation of an 

electron from a ligand π-orbital into its corresponding π*-orbital. MC and MLCT are 

electronic excitation from a metal based π-orbital into a metal based σ*-orbital or a ligand 

based π*-orbital, respectively.[46] 

 

Figure 13: Possible electronic excitations in [Ru(bpy)3]
2+. Copyright and related rights of this figure 

waived via CC0. 

The emission of Rubpy at around 600 nm stems from the spontaneous relaxation of an 

electron located in the 3MLCT state into the ground state by emission of a photon. This 
3MLCT state is populated by ISC from a 1MLCT state according to the mechanism 

displayed in Figure 10. This 3MLCT is of special interest as it is populated with high 

efficiency due to the presence of the heavy ruthenium atom and can have up to µs-scale 

https://creativecommons.org/publicdomain/zero/1.0/
https://creativecommons.org/publicdomain/zero/1.0/
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lifetimes depending on conditions.[46] This leads to the versatile reactivity of Rubpy as 

shown in Figure 14. 

 

Figure 14: possible reactions of excited and ground state Rubpy species.[47] GS = ground state, Q = 
quencher, S = substrate, index A = electron accepting, index D = electron donating. Copyright and 
related rights of this figure waived via CC0. 

After excitation into the 1MLCT state ISC to the 3MLCT state takes place. This state can 

either be quenched by an acceptor or donor (compare Figure 11) leading to oxidative or 

reductive quenching, respectively. Additionally, the excited state energy can be transferred 

to a (redox inert) quencher molecule such as 3O2. Is no quencher present the excited state 

can be deactivated by phosphorescence or radiationless decay, alternatively (compare 

explanation of Figure 10). The oxidised / reduced ground state complex can finally react 

with an electron donating / accepting substrate (or sacrificial agent) to its original 

oxidation state.[47] 

Another benefit of Ru polypyridine complexes is that the energy levels of HOMO and 

LUMO can be modulated by introduction of substituents on the polypyridine ligands with 

either electron donating or withdrawing properties or also by extension of the ligand’s 
π-systems. Thereby an adjustment of the energy gap as well as of the absolute position of 

energy levels can be made to a certain extend and thus enable tuning of 

photoproperties.[46,48] 
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3. State of the art 

The following subchapters are (manuscripts of) review papers. In chapter 3.1 the idea and 

motivation to use N-heterocyclic carbene (NHC) ligands in hydrogen reduction catalysts is 

described. This class of ligands has received significant interest due to their ability to form 

strong bonds to many transition metals (TMs) in various oxidation states. This renders 

them perfect ligands for redox catalysts whose catalytic centres often go through various 

oxidation states during catalytic turnover. The review describes how and which NHC 

ligands have been used in organometallic hydrogenation reactions. This concept and 

knowledge could be expanded to the related reaction of hydrogen evolution from water. 

Chapter 3.2 then gives an overview of supramolecular photocatalysts that are used in 

hydrogen generation reactions featuring a ruthenium polypyridine moiety as PS and 

rhodium, palladium or platinum based CCs. Several groups have been working on this 

kind of compounds and the aim of the article was to capture the process of catalyst 

development over the years and the knowledge gained during the process. 

3.1.  Why NHCs? Lessons learned from organometallic catalysis 

This chapter contains the paper [SK1] and was written by Simon Kaufhold, Lydia 

Petermann, Robert Staehle and Sven Rau as a review article for Coordination Chemistry 

Reviews with the title Transition metal complexes with N-heterocyclic carbene ligands: 

From organometallic hydrogenation reactions toward water splitting . 

Published in: Coordination Chemistry Reviews, 2015, 304-305, 73-87. 

DOI: 10.1016/j.ccr.2014.12.004 

Author contributions 

S. Kaufhold:  Writing abstract, chapter 1. and chapter 3. 

L. Petermann: Writing chapter 2., chapter 4.1. and chapter 4.6. 

R. Staehle: Writing chapter 4., chapter 4.2., chapter 4.3., chapter 4.4. and chapter 4.5. 

S. Rau:  Writing chapter 5. and paper discussion and revision. 
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3.2. Dinuclear Ru-Pd/Pt/Rh PMDs for water reduction – an overview  

This chapter was written by Simon Kaufhold, Markus Braumüller, Katharina Ritter, Lydia 

Petermann, Alexander Mengele and Sven Rau as an invited contribution to a special issue 

of Coordination Chemistry reviews. The corresponding manuscript is still in preparation. 

Author contributions 

S. Kaufhold:  Writing chapter 1. and 2.3. revision of chapter 2.2 

M. Braumüller: Writing abstract, chapter 2., 2.1. and 4. 

K. Ritter:  Writing chapter 2.2. 

L. Petermann:  Writing chapter 3., 3.1. and 3.2. 

A. Mengele:  Writing chapter 3.3. 

S. Rau:    Paper discussion and revision. 

 

Figure 13 of this manuscript/chapter was reproduced from S. Tschierlei, M. Karnahl, M. 

Presselt, B. Dietzek, J. Guthmuller, L. González, M. Schmitt, S. Rau, J. Popp, Angew. 

Chemie Int. Ed. 2010, 49, 3981–3984 with the permission of John Wiley and Sons. 

http://dx.doi.org/10.1002/anie.200906595 

Figure 15 of this manuscript/chapter was reproduced from M. G. Pfeffer, L. Zedler, S. 
Kupfer, M. Paul, M. Schwalbe, K. Peuntinger, D. M. Guldi, J. Guthmuller, J. Popp, S. Gräfe, 
B. Diezek and S. Rau, Dalton Trans. 2014, 43, 11676–11686 with permission of The Royal 
Society of Chemistry. http://dx.doi.org/10.1039/C4DT01034E 

Figure 20 and 21 of this manuscript/chapter were reproduced from  H. Ozawa, K. Sakai, 
Chem. Commun. 2011, 47, 2227–2242 with permission of The Royal Society of Chemistry. 
http://dx.doi.org/10.1039/c0cc04708b 
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4. Scope of the thesis 

The aim of the present work was the synthesis, characterisation and optimisation of PMDs 

capable of catalysing the reduction of protons from mixtures of solvent, electron donor 

and water. A schematic presentation of the RuRRipM systems (R = alkyl group, ip = 1H-

imidazo[4,5-f]-[1,10]phenanthrolin(-2-ylidene), M = catalytic metal centre) that were 

investigated is given in Figure 15. 

 

Figure 15: Basic structure of the investigated RuRRipM compounds. Colour code of subunits: red = PS, 
teal = BL, grey = CC. Copyright and related rights of this figure waived via CC0. 

As PS unit a ruthenium polypyridine derived complex was used due to the beneficial 

properties of these compounds (as explained in chapter 2.3.2). For the bridging ligand a 

structure was chosen that combines a phenanthroline coordination sphere for the PS with 

an N-heterocyclic carbene (NHC) binding motive for the CC (refer to chapter 3.1). 

Different platinum group metals and various co-ligands were tested for the CC 

(explanations in chapter 3.2). By means of investigating these compounds the following 

key aspects should be illuminated: 

 Structure-property-correlations for RuRRipM photocatalysts should be 

developed. 

 These correlations should be utilised to optimise the photocatalytic 

performance of the systems. 

 A methodology for fast elucidation of photophysical processes to gain 

insight into structure-property-correlations should be established. 

The following chapter describes the research progress on these topics made over the past 

few years: starting from the first investigations on synthesis and characterisation of 

RubbipM systems, going to the identification and solving of synthesis-related problems, 

arriving at in situ tuning of a RubbipM system. Furthermore, a new method for the 

investigation of excited state dynamics of ruthenium polypyridine complexes is presented. 

In the following chapter, finally an outlook is given on how the benefits of the 

(supra)molecular approach – like mechanistic understanding on a molecular scale and 

tunability – can be brought to an even higher potential by combination of PMDs with 

heterogeneous and electrochemical approaches. This allows for scalability and separation 

https://creativecommons.org/publicdomain/zero/1.0/
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of half-reactions in cellular devices, which is important to achieve mass application of the 

concept of direct solar-to-chemical energy conversion. 
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5. Results and Discussion 

In the following subchapters a summary of the publications [SK3] – [SK6] is given and the 

key points of scientific progress of each article are highlighted.  

5.1. From idea to application: the first NHC-bridged PMDs for water 

reduction 

This chapter summarises the results of manuscript [SK ] Carbene based photochemical 
molecular assemblies for solar driven hydrogen generation . This was the first publication 

reporting the use of imidazophenanthroline bridged ruthenium-transition metal systems 

as supramolecular photocatalysts for proton reduction. Earlier reports by Chung and 

colleagues presented very similar systems, however, focus was here set on the detection of 

CO by dinuclear complexes and hydrogen evolution with an intermolecular approach 

featuring RuRRip as PS and colloidal palladium as catalyst.[49–51] 

The 1,3-(bisbenzyl)-1H-imidazo[4,5-f][1,10]phenanthrolinium (bbipH) bridging ligand was 

chosen as it is easily synthesised with convenient methods in good yields. It can also be 

coordinated to a [Ru(tbbpy)2Cl2] precursor (tbbpy = 4,4'-di-tert-butyl-2,2'-bipyridine) with 

the NN-donor sphere by microwave reaction to generate [(tbbpy)2Ru(bbipH)]3+ 

(RubbipH). Due to its imidazolium unit RubbipH is an NHC precursor that can bind a 

second metal centre after deprotonation. Of all the applied methods only Ag2O turned out 

to be a suitable base. It was used to generate the carbene moiety and at the same time 

form the silver carbene complex [(tbbpy)2Ru(bbip)AgCl]2+ (RubbipAg). This compound 

can be easily transmetallated to introduce other metal centres such as the rhodium or 

palladium moieties leading to complexes [(tbbpy)2Ru(bbip)RhCl(COD)]2+ (RubbipRh, 

COD = 1,5-cyclooctadiene) and  [(tbbpy)2Ru(bbip)PdCl2L]2+ (RubbipPd) which are depicted 

in Figure 16. 

 

Figure 16: RubbipM systems investigated in [SK3]. L = possibly solvent or another Rubbip moiety. 

RubbipH and RubbipAg were fully characterised by 1H-nuclear magnetic resonance 

(1H-NMR), 13C-NMR, electrospray ionisation high-resolution mass spectrometry (ESI-

HRMS) and single crystal X-ray diffraction, while RubbipRh and RubbipPd were 

characterised by 1H-NMR and ESI-HRMS. The X-ray structures of the investigated 

complexes give proof of the suggested molecular structure and compare well to similar 
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compounds that are known in literature. For all RubbipM complexes the introduction of 

the metal centre was clearly indicated by loss of the imidazolium proton signal in 1H-NMR 

and a more or less pronounced shift (and splitting) of the benzylic CH2 signals. This can be 

related to the change in their nearby chemical environment. Most likely the free rotation 

of the phenyl rings is hindered upon introduction of a second metal centre leading to the 

mentioned splitting. Furthermore, in ESI-MS presence of the respective [RubbipM]2+ 

species was found for all three dinuclear complexes. Collision induced dissociation (CID) 

in tandem mass spectrometry measurements for RubbipAg also revealed that the tbbpy 

ligand is more likely to detach than the bbip ligand confirming a strong bond of the BL to 

both metal centres.  

After this basic characterisation a more detailed investigation of the compounds by 

electrochemical and optical methods was carried out. A fundamental understanding of the 

redox and excited state processes should be gained in order to see if they are in line with 

the before mentioned criteria, determining the possible use as a photocatalyst for water 

reduction. Analysis of the electrochemical properties of RubbipH and RubbipAg show that 

general features of [Ru(bpy)3]
2+ (Rubpy) type complexes are maintained, like the 

appearance of three reduction and one oxidation wave (Table 1). These correspond to the 

reduction of the single ligands on the ruthenium centre (L1–L3) – namely the bbip and two 

tbbpy ligands – and the oxidation of Ru(II) to Ru(III). However, additional non-reversible 

signals were also observed. 

Table 1: Redox potentials E1/2
 [V] vs. Fc/Fc+ obtained from cyclic voltammetry in a 0.1 M solution of 

Bu4NPF6 in dry acetonitrile under argon. L1-3 correspond to the reduction signals of the ligands 
attached to the ruthenium centre. Values of  [Ru(tbbpy)2(phen)]2+ taken from ref [52]. 

Complex L3 L2 L1 Ru(II/III) 

RubbipH −2.25  −1.98 −1.55 0.86 
RubbipAg −2.22  −1.96 −1.64 0.87 
[Ru(tbbpy)2(phen)]2+ [52] −2.25 −1.98 −1.77 0.74 

The two most negative signals L3 and L2 correlate to the reduction of the tbbpy ligands 

and are almost the same for both new complexes. They compare well to literature values of 

the structurally similar compound [Ru(tbbpy)2(phen)]2+.[52] Reduction L1 and the oxidation 

of Ru(II) to Ru(III), however, are shifted to more positive values compared to the 

reference. That means the Rubbip compounds are more easily reduced but harder to 

oxidise than the reference. This can be explained by the electron deficiency of the 

imidazolium or carbene moiety, respectively. As only the L1 values of the ligand based 

reductions is shifted in comparison to the reference compound it can be assumed that this 

signal is associated with the reduction of the bbip moiety. Therefore it is plausible that 

upon photoexcitation of RubbipH or RubbipAg the electron is preferably transferred to the 

bbip ligand and thus also into the direction of the second metal centre (if coordinated). 

This idea is supported by the emission spectra of RubbipH, RubbipAg/Pd/Rh that show a 

pronounced redshift of up to 60 nm in comparison to Rubpy (Figure 17, right). This 

corresponds to a 3MLCT state that is lower in energy which is in line with the 

electrochemical data (see above). The absorption spectra show only minor differences to 

Rubpy like a broadened MLCT absorption band (Figure 17, left). 
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As seen in Figure 17 the emission quantum yields of RubbipM systems are significantly 

higher than those of Rubpy which is uncommon as the introduction of a second metal 

centre often leads to a quenching of the excited state.[53] Also, time-resolved optical 

measurements revealed a rather complex behaviour for the emissive states that exhibit 

biexponential decay in deaerated acetonitrile solution (Table 2) but were single 

exponential for all complexes in dichloromethane. The excited state lifetimes have been 

found to be in general longer for the investigated complexes compared to the Rubpy 

reference in deaerated acetonitrile solution. As an explanation for the two lifetimes it was 

suggested that two weakly coupled emitting states exist of which one is located on the 

tbbpy ligands and the other on the bbip moiety. Similar observations were made by Chung 

et al., but also the influence of impurities could not be ruled out.[49,51] Ultimately, for a 

deeper understanding of excited state localisation time-resolved resonance Raman studies 

of partially deuterated compounds should be carried out. 

Table 2: Absorption and emission data of RubbipH, RubbipAg, RubbipPd, RubbipRh and Rubpy in 
deaerated acetonitrile.[54] 

Complex λmax1, abs 
[nm] 

λmax2, abs 
[nm] 

λmax, em 
[nm] 

Ф ��  
[ns] 

��  

[ns] 

RubbipH 434  481 659 0.25 930 2142 
RubbipH + TEA 440  476 624 0.40 890 2340 
RubbipAg 440 474 647 0.34 1447 2309 
RubbipPd 440 475 646 0.39 717 1096 
RubbipPd + TEA 440 472 645 0.47 1271 1769 
RubbipRh 440 473 625 0.17 220 2013 
Rubpy 451 423 607 0.06[55] 870 – 
Rubpy + TEA     850  

Time-resolved absorption measurements of RubbipH indicate a very fast ISC from the 

initially excited 1MLCT to the 3MLCT state within 150 fs which is similar to the values 

found for Rubpy (100–300 fs).[56] The ns-timescale decay profiles obtained from this 

method compare well to the before mentioned emission based investigations and a 3MLCT 

lifetime of around 1000 ns was found here as well. The differential time-resolved 

absorption characteristics show a minimum at 440 nm and maxima at 560 and 820 nm 

Figure 17: Absorption (left) and emission spectra (right) of RubbipPd (blue), RubbipAg (orange), 
RubbipH (black), RubbipRh (pink) and Rubpy (green) in deaerated acetonitrile. Equally absorbing 
solutions at 450 nm (= λex). Reproduced from Ref [54] published by The Royal Society of Chemistry.  
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which were interpreted as transitions on the reduced ligand or a ligand-to-metal charge 

transfer (LMCT) to the formally oxidised Ru(III) centre. Very similar observations 

concerning lifetimes as well as absorption characteristics were made for RubbipPd. 

Interesting results in optical measurements were also obtained for solutions of RubbipH 

and RubbipPd with added triethylamine (TEA). TEA is a known quencher for Ru 

complexes and is often used in catalysis experiments as an electron donor. No significant 

influence on the absorption properties were made, however, it was found that addition of 

TEA led to an increase in emission quantum yield and in the case of RubbipH a significant 

blue shift of the emission wavelength (624 vs. 659 nm, see Table 2) was observed. This is 

unexpected but can be explained by a stabilisation of the emissive 3MLCT states due to 

interaction of the solvated complexes with TEA. Time-resolved investigations of the 

emissive states of RubbipH and RubbipPd also revealed that lifetimes are rather elongated 

in the presence of TEA which is especially true for the longer lifetime component τ2 (see 

Table 2) that also increases in relative amplitude in comparison to measurements in TEA-

free solutions. Additionally carried out time-resolved studies on the absorption properties 

of RubbipH confirmed the longer lifetimes. The transient absorption (TA) characteristics 

suggest a reductive quenching of the excited state by TEA which is supported by 

spectroelectrochemical investigations that show similar absorption characteristics for 

reduced RubbipH (and oxidised TEA). The lifetime of this reduced species has been 

estimated to be 3.3 ms. For RubbipPd the formation of a similar species has also been 

proposed from the TA measurements. 

Overall these results show that a directed electron transfer towards the CC of RubbipM 

complexes is feasible as well as the regeneration of the Ru(II) ground state after reductive 

quenching by TEA. Therefore the catalytic activity of RubbipH/Ag/Rh/Pd was tested in 

MeCN/TEA/H2O = : :  under irradiation with light of λ = 470 ± 20 nm. This wavelength 

was chosen because it should lead to MLCT excitation centred on the bbip ligand as 

discussed above. The catalytic performance of the single complexes was benchmarked by 

determining the turnover number (TON = n(H2)/n(catalyst)) at a given time. All 

complexes apart from RubbipH produced hydrogen gas over the course of 5 h. The highest 

TON of 36 was achieved by RubbipPd, while RubbipRh gave a TON of 16 and even 

RubbipAg showed catalytic activity reaching 4 turnovers after 5 h. No induction period 

was observed and in the case of RubbipPd a constant turnover frequency (TOF = 

TON/time) of 7 h-1 was observed (Figure 18). 



Results and Discussion 

 
 85 

 

Figure 18: Hydrogen generation over the course of 5 h by RubbipPd (blue), RubbipRh (purple), 
RubbipAg (orange) and RubbipH (black). Conditions: c(cat) = 250 µM, MeCN/NEt3/H2O = 6:3:1, λir = 470 
± 20 nm. Reproduced from Ref [54] published by The Royal Society of Chemistry. 

The catalytic activity of RubbipPd was independent on the concentration in the range of 10 

to 250 µM. The lack of an induction phase, concentration independence and linear 

turnover are indications for an intramolecular catalysis mechanism, at least in the case of 

RubbipPd. The non-linear kinetics of RubbipRh and RubbipAg, however, are suspicious 

and let suggest that alteration or decomposition of the catalyst takes place within 5 h. 

Dynamic light scattering (DLS) measurements were performed on catalysis solutions and 

for RubbipAg formation of colloids was observed while no clear conclusion could be drawn 

from the samples of RubbipRh and RubbipPd. The decomposition of RubbipAg can easily 

be explained by formation of silver particles by the photographic effect or by precipitation 

of silver chlorido clusters. The formation of this type of clusters could already occur during 

synthesis via the silver carbene route. This and the unclear results of DLS studies led to 

more detailed investigations that are summarised in the following chapter. In summary it 

can be stated that these first investigations on RubbipM systems gave promising results, 

especially in the case of RubbipPd, and gave proof to the general applicability of the 

complexes as photocatalysts in hydrogen evolution reactions. 

5.2. “ilver as a Trojan horse  – drastic influence on catalytic performance by 

silver impurities 

This chapter summarises the results of publication [SK ] titled Trojan (orse  Effect in 
Photocatalysis - How Anionic Silver Impurities Influence Apparent Catalytic Activity . )t 
focuses on problems that accompany the synthesis of RuRRipM systems when 

transmetallation of silver carbene complexes is used. 

The findings of the studies on the RubbipM systems mentioned before facilitated further 

investigations with the aim to analyse possible influences by the substitution pattern of 

the ip ligand and the type of metal in the CC on the catalytic performance. Therefore a 

series of RuRRipM (RubbipRh, RubbipIr = [(tbbpy)2Ru(bbip)IrCl(COD)]2+, RummipRh = 

[(tbbpy)2Ru(mmip)RhCl(COD)]2+  and RummipIr = [(tbbpy)2Ru(bbip)RhCl(COD)]2+, 

mmip = 1,3-(dimethyl)-1H-imidazo[4,5-f][1,10]phenanthrolin-2-ylidene) systems was 
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synthesised and investigated (Figure 19). Due to the sensitivity of the carbene complexes 

all preparations had to be carried out under inert conditions in a glove box, which also 

made workup procedures more laborious.  

 

Figure 19: Possible synthesis routes and structure of investigated RuRRipM complexes featuring 
either methyl or benzyl substituents and rhodium or iridium containing CCs. 

The already mentioned approach of transmetallation form silver carbene complexes was 

first used to generate the RuRRipM complexes. During the work on these compounds 

single crystal X-ray structures of the silver carbene precursors RummipAg and RubbipAg 

could be obtained and revealed formation of chlorido argentate clusters of different sizes 

that were either carbene bound or acted as counterions as seen in Figure 20. The 

formation of silverhalogenido clusters is well known in literature but has seldom been 

addressed in the field of photocatalysis.[57–60]  

Usually upon transmetallation of these silver carbene precursors AgCl should precipitate 

and could then be removed from solution by filtration. However, due to the ionic nature of 

the observed species it was assumed that precipitation will not be quantitative and thus 

silver might remain as an impurity in the final product. Negative ion mode ESI-MS and 

energy-dispersive X-ray spectroscopy that was performed on a scanning electron 

microscope (SEM-EDX) in fact confirmed the presence of silver species in RubbipRh 

synthesised via the transmetallation pathway (RubbipRh(Ag) in the following). As seen in 

Figure 20: Structures of RubbipAg (left) and RummipAg (right) as obtained from x-ray diffraction 
measurements. RubbipAg shows AgCl2 clusters either carbene bound or as a counterion while 
RummipAg features a Ag6Cl8

2- counterion. Reproduced from Ref [76] with permission of John Wiley and 
Sons. 
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the previous chapter RubbipAg was also active as a proton reduction catalyst and particles 

were detected in DLS measurements. Moreover in early literature reports Ag colloids have 

been used as catalysts in intermolecular systems for photocatalytic hydrogen formation.[61] 

This led to the suggestion that the found silver impurities might have an influence on the 

catalytic performance of compounds synthesised via silver carbene precursors which 

would be an explanation for the nonlinear kinetics of hydrogen production by RubbipRh 

mentioned in the previous chapter. 

To evaluate this hypothesis an alternative synthetic strategy was sought that completely 

avoids the use of silver. As reported earlier, Chung and co-workers synthesised 

RuRRipRh/Ir systems via in situ deprotonation with TEA as a base.[49,51] Also Türkmen and 

colleagues used a neat approach to synthesise rhodium and iridium complexes with NHC 

ligands that are structurally similar to RRip. Here [M(COD)(OMe)]2 (M = Rh, Ir) was 

chosen as a precursor and the contained methoxide acts in situ as a base to deprotonate 

the azolium unit and thus enables formation of the NHC complex in one step.[62] This 

latter method was adopted for the synthesis of all four RuRRipM(Ag-free) (R = m, b = Me, 

Bn; M = Rh, Ir) complexes. 

Catalysis measurements were carried out using RubbipRh(Ag) and RubbipRh(Ag-free) and 

a severe difference in performance was observed. While the silver containing system yields 

more than 100 turnovers within a few hours the catalysis solution containing the silver-free 

compound only gives a TON of 5 after almost 3 days (Figure 21). 

 

An obvious difference between the catalysis solutions was the formation of a precipitate 

visible by the naked eye within hours for the RubbipRh(Ag) containing system. This 

precipitate was collected on a syringe filter and investigations by SEM-EDX revealed the 

presence of silver and rhodium in the precipitate alike. In the case of RubbipRh(Ag-free) 

no precipitate was found on the filter membrane and only trace amounts of rhodium could 

be detected by SEM-EDX. DLS studies were in line with these findings: For RubbipRh(Ag) 

formation of particles was proven while for the Ag-free species no clear conclusion could 

be drawn from DLS data in the first 24 h. In order to validate that the observed effect on 

the performance of the catalytic system is linked to the presence of silver, measurements 

Figure 21: Results of catalysis runs of RubbipRh either synthesised using the silver carbene (left) or 
silver-free (right) approach. Conditions: c(cat) = 244 µM, MeCN/NEt3/H2O = 6:3:1, λir = 470 ± 20 nm. 
Reproduced from Ref [76] with permission of John Wiley and Sons. 
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were carried out with RubbipRh(Ag-free) and added AgCl. An enhancement of the 

catalytic activity was found, albeit less pronounced. This can be rationalised by the low 

solubility of uncharged AgCl in comparison to the argentate clusters. This in turn will also 

hinder formation of particulate silver species. For RummipRh analogue investigations were 

carried out and again the compound synthesised via transmetallation showed higher 

catalytic performance in comparison to the Ag-free generated compound. With TONs of 11 

vs. 5 for RummipRh(Ag) and RummipRh(Ag-free), respectively, the influence is less 

significant in this case. It should be noted though, that no information on the 

stoichiometry of the silver impurity was obtained and that the impact possibly correlates 

to the amount of silver or the silver/rhodium ratio in a given system and can vary from 

batch to batch. 

As all of the investigated RuRRipM(Ag-free) complexes showed rather poor catalytic 

performance no clear correlation to the influence of the imidazole substituents or the 

metal centre on the activity could be drawn. Only RubbipIr(Ag-free) had a somewhat 

higher activity with a TON of 16 after 10 h (compare Table 3). 

Table 3: Maximum TONs of RuRRipM systems after a given time. Conditions: c(cat) = 244 µM, 
MeCN/NEt3/H2O = 6:3:1, λir = 470 ± 20 nm. 

Compound TONmax Time [h] 

RubbipAg  4 5 
RubbipRh(Ag-free) 5 70 
RubbipRh(Ag) 105 5 
RubbipIr(Ag-free) 5 315 
RummipRh(Ag-free) 5 50 
RummipRh(Ag) 11 50 
RummipIr(Af-free) 16 10 

 

An explanation for the low TONs of these compounds could be the coordination 

environment of the CC. The COD ligand is often used as a space holder  ligand and is 
easily substituted. As a result due to the forcing conditions and in lack of suitable other 

ligands in the catalysis solution, it is reasonable that the COD ligand is detached and 

alteration/decomposition of the complex takes place. This foils the possibility to draw a 

structure-property-correlation and in this case even brings unsatisfying catalytic output. 

Nevertheless the possible presence or influence of silver impurities is rarely an issue in the 

literature. As standard characterisation methods like 1H- and 13C-NMR or positive ion 

mode MS are blind for these impurities the danger of overseeing them and misinterpreting 

achieved results is high. As a consequence the search for a stable molecular system was 

continued and significantly progressed, which is written in the coming chapter. 

5.3. Optimising PMDs for water reduction – increasing stability and in situ 

tuning 

This chapter is a summary of manuscript [SK ] with the title Rational in situ tuning of a 

supramolecular photocatalyst for hydrogen evolution . The synthesis and improvement of 
catalytic performance of RubbipPt by in situ co-ligand exchange is discussed. 
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In chapter 5.1 it was described that RubbipPd showed promising results in catalysis 

measurements namely the lack of an induction period and a constant TOF within the 

timescale of the experiment, thus pointing towards an intramolecular catalytic system. 

However, as stressed in chapter 5.2 the use of silver in synthesis should be avoided to gain 

pure compounds and to be able to generate reliable results. Unfortunately the synthesis of 

RubbipPd with alternative strategies proved to be cumbersome and yields and purity of 

the product were unsatisfying for further in detail studies. For structurally related 

RutpphzM complexes (tpphz = tetrapyrido[3,2-a: ’ ’-c: ’’, ’’-h: ’’’, ’’’-j]phenazine, M = 

PdCl2, PtCl2) it was found that the platinum containing complex is much more stable than 

the palladium analogue and keeps his molecular integrity even under catalytic 

conditions.[63] Additionally, the catalytic activity of the RutpphzPt system could be boosted 

by exchange of the chlorido co-ligands on the CC to iodido by synthetic means.[64] 

Therefore the analogue RubbipPt seemed to be an attractive system to investigate. To 

synthesise RubbipPtCl2 a simple one-pot reaction was applied where RubbipH, 

PtCl2(DMSO)2 and NaOMe were suspended in dichloromethane and left to react at room 

temperature for 3 days. Considering this and the results from chapter 5.1 and 5.2 it seems 

that for the synthesis of RuRRip carbene complexes the crucial point is to provide a metal 

centre that can coordinate to the carbene moiety at the same time as it is formed by 

deprotonation. However, careful choice of base must be made to avoid side reactions or 

degradation of reaction components. As RubbipPtCl2 is more stable than related Ag/Rh/Ir-

systems the workup could be conveniently carried out in air. Sephadex column 

chromatography and/or recrystallisation yielded pure product in moderate yields. Results 

from NMR and ESI-HRMS led to the suggestion of the structure seen in Figure 22 (left).  

The absorption spectrum depicted in Figure 22 (right) is very similar to the ones obtained 

for other RubbipM systems showing a broad MLCT band between 400 and 500 nm. The 

wavelength of maximum emission is at 637 nm which is in between that of RubbipRh 

(625 nm) and RubbipPd (646 nm), but is still red shifted in comparison to Rubpy 

(607 nm). As argued in chapter 5.1 for other RubbipM systems it can be assumed that the 

emissive 3MLCT state lies on the bbip moiety so that electron transport takes place in the 

direction of the CC. 

Figure 22: Suggested structure of RubbipPtCl2 (left). Absorption and emission spectra of RubbipPtCl2 
in MeOH (right). Reproduced from Ref [66] published by The Royal Society of Chemistry. 
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RubbipPtCl2 was tested in photocatalytic hydrogen evolution under similar conditions as 

in previously mentioned catalysis experiments. However, this time a 

MeOH/TEA/H2O = 6:3:1 mixture and catalyst concentration of 67 µM was used. The 

catalytic performance in the first 30 h is rather low reaching a TON of about 2. To verify 

the molecular integrity of the catalyst the mercury poisoning test was applied which led to 

no substantial changes in the catalytic output (Figure 23).[65] Also relatively linear kinetics 

and no induction period were observed which further corroborates the presence of an 

intramolecular catalytic system. 

 

Figure 23: Results of catalysis runs with RubbiPtCl2 without (black) and with addition of Hg. 
Conditions: c(cat) = 67 µM, MeOH/NEt3/H2O = 6:3:1, λir = 470 ± 20 nm. Reproduced from Ref [66] 
published by The Royal Society of Chemistry. 

As mentioned above for the RutpphzPt system a change from chlorido to iodido co-ligands 

on the CC led to a significant increase of TON and TOF. RutpphzPtCl2 only yielded 7 

turnovers after 10 h while RutpphzPtI2 gave a TON of 276 in 70 h under similar reaction 

conditions.[64] An explanation for the increase is the stronger π-donating character of 

iodido in comparison to chlorido ligands leading to a higher electron density on the 

platinum metal centre. This is supposed to be beneficial for the attack of a proton on the 

dz2-orbital and can thus lead to increased catalytic activity as postulated and investigated 

by the group of Sakai.[38,67] These findings were a motivation to expand the concept of 

ligand exchange also to the RubbipPt system. Unfortunately synthetic access to sufficiently 

clean RubbipPtI2 was not possible as the established workup procedures did not yield pure 

product. However, during the characterisation of RubbipPtCl2 it was found by ESI-MS that 

ligand exchange from chlorido to methoxido takes place in methanol solution (Figure 24). 

The dominant signal for a freshly prepared solution is found at m/z = 689.1 and 

corresponds to the RubbipPtCl(OMe) species.  
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Therefore it was assumed that the introduction of iodido ligands is possible when a 

sufficient excess of iodide is present in solution. In fact, catalysis solutions with an additive 

of 200 equivalents of tetrabutlyammonium iodide (TBAI) showed a drastic increase in 

catalytic performance (Figure 25). Within 5 h a TON of 120 was achieved with a TOF of 

41 h-1 for the first 1,5h which is almost 500 times higher than the frequency obtained for 

RubbipPtCl2 without iodide additive (2 d-1 = 0.08 h-1). Very similar results were achieved 

even in the presence of mercury. The lowered TON of about 90 does not necessarily reflect 

the presence of a colloidal species. Influences by mercury have been witnessed before and 

can be explained by unfavourable photoreactions of the catalyst with mercury (ions) or in 

this case, also by removal of iodide from solution by photooxidised mercury species.[63,68] 

 

Figure 25: Catalytic performance of RubbiPtCl2 in the presence of TBAI (200 eq.) without (black) and 
with addition of Hg. Conditions: c(cat) = 67 µM, MeOH/NEt3/H2O = 6:3:1, λir = 470 ± 20 nm. Reproduced 
from Ref [66] published by The Royal Society of Chemistry. 

Figure 24: Scheme of the exchange of co-ligands at the CC of RubbipPt (left). Measured (top right) and 
simulated (bottom right) MS spectra of the signal at m/z = 689 corresponding to the [M-Cl+OMe]2+ 
species RubbipPtCl(OMe). More mellow decay to higher m/z values in the measured spectrum can be 
explained by the presence residual RubbipPtCl2 that appears at m/z = 691. Reproduced from Ref [66] 
published by The Royal Society of Chemistry. 
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To further underlay the theory of an in situ ligand exchange 1H-NMR and ESI-MS 

measurements were carried out. In the former a shift and splitting of the signal correlated 

to benzylic CH2-protons was observed upon addition of TBAI while in ESI-MS the 

appearance of signals associated with RubbipPtClI and RubbipPtI2 was observed (Figure 

26). Both of these discoveries indicate that in fact the proposed ligand exchange takes 

place and that this is the reason for the increased catalytic activity. 

 

Figure 26: ESI-MS measurements of a solution of RubbipPtCl2 in methanol with 10 eq. of TBAI 
measured immediately after preparation and after 24 h. The top feature shows measured and 
simulated signals of the different species (M refers to the RubbipPt-fragment). 

A drawback in the case of added TBAI is the short lifetime of the catalyst as it loses its high 

activity within several hours. Long-time catalysis measurements of RubbipPtCl2 without 

added iodide reveal, though, that the catalytic system can be stable for a very long period 

of time and finally yields a TON of about 37 after 500 h. It was concluded that the search 

for a ligand environment that provides both, activation through a strongly donating 

character and stabilisation should be the focus of future investigations.  

5.4. Stepping stone to rational catalyst design – action spectroscopy for fast 

and comprehensive investigation of PMDs 

This chapter summarises the findings presented in [SK6]. This communication is a proof-

of-concept that shows that pump-probe fragmentation action spectroscopy is a fast and 

powerful method to unravel excited state dynamics.  

It is central for rational design of molecular assemblies that should fulfil certain tasks – 

like photocatalytic water splitting – that a structure-property-correlation can be drawn. 

This means that a fundamental understanding has to be obtained of how a certain change 

in the structure – e.g. the extension of the π-system on a ligand – influences the overall 
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output of the system – like the catalytic performance – and why. As elaborated in the 

theoretical background chapter, electron transfer processes initiated by excitation of a 

photosensitiser are the key to drive photocatalytic reactions. Some of the most commonly 

used techniques for the investigation of such processes are transient absorption (TA) for 

non-luminescent samples, time correlated single photon counting (TCSPC) for 

luminescent samples and (time-resolved) resonance Raman to find out about excited state 

dynamics and localisation. To obtain reliable results the investigated compound needs to 

be of high purity and as several different methods are required for a detailed investigation, 

a sufficient amount of the sample has to be provided as well. In case of the already 

mentioned RutpphzM (M = PdCl2, PtCl2 and PtI2) system the collation of this data 

proceeded over about 10 years. In order to be able to quickly draw conclusions from newly 

designed catalysts and accelerate the development towards rational catalyst design, 

methods that are able to generate this data straightforwardly are very attractive. 

The combination of time resolved pump-probe spectroscopy with ion trap ESI-MS is a 

technique that is capable of characterising excited state dynamics in great detail with a 

significant reduced requirement on sample amount and purity as well as measurement 

time. Additionally, it also provides information on the stability of the investigated system. 

In the following a proof-of-concept is given that this action spectroscopy  in gas phase 

was able to reproduce results from solution phase measurements. 

A simplified scheme of the measurement setup is presented in Figure 27. A sample 

solution is injected into the mass spectrometer where molecular ions are generated by 

conventional electrospray ionisation. The ion beam is focused by mechanical and 

electronic devices like skimmers and quadrupoles or octapoles while high vacuum is 

created. Ions of a selected m/z ratio are trapped in a special quadrupole device (Paul trap). 

The modification of the MS-device allows for irradiation of the trapped ions by laser 

pulses.  For time-resolved measurements a short wavelength pump pulse is used to excite 

the molecular ion and a longer wavelength probe pulse leads to fragmentation of the 

excited ions. The signal intensity of the parent and fragmentation ions is measured and 

accumulated data of different pump-probe delay times is used to generate transients.  

 

Figure 27: Simplified setup of an ESI mass spectrometer modified for pump-probe fragmentation 
spectroscopy. Copyright and related rights of this figure waived via CC0. 
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In the presented study RutpphzPd and RutpphzPt (both with chlorido co-ligands) were 

used as they are already well investigated by other techniques. A summary of the excited 

state characteristics is given in Figure 28.[63,69] This data has been generated by 

conventional time-resolved methods from acetonitrile solutions of the complexes. 

 

Figure 28: Molecular structure of RutpphzPt/Pd systems and their respective time constants of 
excited state dynamics. Reproduced from Ref [70] with permission of John Wiley and Sons. 

Upon excitation a 1MLCT state is populated which in less than 1 ps undergoes ISC to form a 
3MLCT state that is localised on the phen-sphere of tpphz adjacent to the Ru centre. This 

process is followed by intra-ligand charge transfer (ILCT) generating a phenazine-based 

(phz) state within 5 ps. Finally from there the electron is transferred to the second metal 

centre in a LMCT step in roughly 300 ps. The time constants of these processes are very 

similar for both compounds as seen in Figure 28. 

Before gas phase pump-probe measurements were carried out collision induced 

dissociation (CID) experiments were conducted. Therefore the respective doubly charged 

molecular ions (m/z = 644.0 for RutpphzPt and m/z = 600.0 for RutpphzPd) were isolated 

in the ion trap and collisions with helium buffer gas led predominantly to the loss of a 

MCl2-fragment (60% of total fragment yield for RutpphzPt and 80% for RutpphzPd).  

In a second step wavelength dependent photofragmentation (PF) spectra were recorded by 

inducing fragmentation of the trapped molecular ions by high-energy laser pulses. These 

spectra are depicted in Figure 29 (red lines) and correspond relatively well with absorption 

spectra in solution (black lines). Also a lower stability of RutpphzPd in comparison to 

RutpphzPt was found from these measurements which is in line with DFT calculations and 

also with previous findings on its photostability in catalysis experiments.[63,69] 
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Figure 29: Comparison of solution phase absorption spectra (black) with photofragmentation spectra 
(red) of RutpphzPt (top) and RutpphzPd (bottom). Reproduced from Ref [70] with permission of John 
Wiley and Sons. 

Comparing the solution and gas phase spectra in Figure 29 some differences can be seen. 

Firstly, a strong transition is seen at around 310 nm in PF spectra while only a weak 

shoulder is present in solution at around 325 nm for both compounds. These transitions 

correspond to the excitation into a tpphz-based π*-orbital and it was speculated that the 

stronger occurrence in PF measurements stems from a high fragmentation yield due to the 

close proximity, and thus also strong coupling, of this state and the formal 

MCl2-fragment.[63,71] Secondly, in the PF spectra the >400 nm region corresponding to CT 

processes is rather low in intensity and unstructured in comparison to solution spectra. As 

the CT states are rather long-lived the low intensity could be explained by collisional 

quenching through helium buffer gas and has been observed before.[72] Also at a 

wavelength of 440 nm the photon energy is in the range of the dissociation threshold for 

the loss of MCl2 and thus at higher wavelengths absorption of two photons might be 

necessary to initiate fragmentation, thus accounting for the very low intensity at >440 nm. 

And thirdly, the absorption feature at 375 nm seen in the solution phase spectrum of 

RutpphzPd is not visible in PF measurements. This was accounted to the non-linearity of 

the fragmentation behaviour at different wavelength and also to the rather broad spectral 

bandwidth of the laser pulses in this region so that the rather narrow peak is not resolved. 

For the time resolved action spectroscopy measurements the molecular ions in the trap 

were photoexcited with a probe pulse of 440 nm wavelength (corresponding to a MLCT 

excitation) and probed by a variably delayed second pulse of 1200 nm wavelength. 

Fragmentation yields at different delay times were used to generate the transient signal. 

For RutpphzPt this transient is plotted in Figure 30.  
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Figure 30: Normalized transient total fragment ion intensity for RutpphzPt. Reproduced from Ref [70] 
with permission of John Wiley and Sons. 

A triexponential fit was applied to the signal leading to time constants of τ1 = 0.6 ± 0.1 ps, 

τ2 = 6.5 ± 1.3 ps and τ3 >> 800 ps (corresponding to the maximum possible delay time of the 

measurement setup). The first two constants compare well to the above mentioned decay 

times in solution (0.5 and 4.2 ps) while the latter is much larger (320 ps). This can be 

rationalised by the very unpolar  conditions in gas phase in comparison to solution and 
an accompanying loss of stabilisation of this strongly charge-separated state. This idea is 

supported by findings for RutpphzPd in solution. Here a significant influence on the time 

constant of the LMCT was observed for solvents of different polarity leading to an 

elongation from 310 ps in acetonitrile to 740 ps in dichloromethane. 

In further studies on RutpphzPt transient anisotropy was investigated by comparing the 

transients obtained from parallel and perpendicular polarisation of pump and probe pulse. 

As a polarisation dependence was observed it was assumed that molecular alignment by 

photoexcitation takes place which is followed by rotational dephasing. These anisotropy 

measurements give information on the orientation of the transition dipole moments 

(TDMs) of the excitation processes in the molecule. The initial anisotropy function was 

calculated from the measurement data and was found to be smaller than the expected 

theoretical value. An angle of 33.5° (for the assumed excitation process) was obtained 

between the pump and probe TDMs. This was suggested to be the angle between the TDM 

of the 1MLCT excitation (by the pump pulse) to a tbbpy ligand and the TDM of the rapidly 

formed tpphz-based 3MLCT excited state absorption (of the probe pulse). Similar results 

were obtained from investigation of the anisotropy decay time which indicates a TDM 

along the tpphz axis by comparison with calculated dephasing time constants for the 

respective molecular axes. In summary the anisotropy studies support the idea of a fast 

generation of an excited state localised on the tpphz ligand. 

The excited state dynamics and anisotropy studies of RutpphzPd yielded very similar 

results with time constants of τ1 = 0.9 ± 0.4 ps, τ2 = 6.9 ± 2.1 ps and τ3 >> 800 ps. The short 

components again agree with solution phase findings while reasons for the much longer τ3 

value were already given above. The anisotropy measurements also indicate the 

localisation of a excited state on the tpphz ligand. Interestingly the use of 480 nm pump 
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pulse wavelength to generate the transients for both compounds accelerated time 

constants τ1 and τ2. Furthermore, initial anisotropy in this case showed a more parallel 

orientation of pump and probe TDMs which was explained by a more directed CT on the 

tpphz ligand. This is in line with similar findings for solution phase studies.[73] The results 

of the action spectroscopy measurements are summarised in Figure 31.  

 

Figure 31: Summary of the action spectroscopy investigations. Time constants for RubbipPt and 
RubbipPd respectively. Reproduced from Ref [70] with permission of John Wiley and Sons. 

The orientation of the TDMs is depicted as arrows in Figure 31. Absorption of the pump 

pulse leads to excitation into a 1MLCT state which is mainly tbbpy-based. Absorption of 

two probe pulses leads to fragmentation i.e. the loss of MCl2 generating the measurement 

signal. The first excited state quickly (1 ps) decays to a phen-centered 3MLCT. This is 

followed by an ILCT within around 7 ps on the phz-sphere. Finally LMCT to the second 

metal centre takes place with an estimated time constant >> 800 ps. In summary these 

findings compare very well with the results of solution phase studies gathered over the last 

decade. Obtained differences can be explained by the changed chemical environment in 

gas phase or by systemic factors. Hence the presented method is a powerful tool to 

elucidate excitation processes and will thereby very likely contribute to a dynamic 

development in the field of photocatalysis. 
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6. Summary & Outlook 

Within the previous chapter it was shown that the construction of molecular assemblies 

featuring a ruthenium photosensitiser, an NHC bridging ligand and a transition metal 

catalytic centre is possible. The first investigations revealed beneficial excited state 

dynamics and also principal catalytic activity of the investigated heterodinuclear RubbipM 

(M = Ag, Rh, Pd) complexes. However, the synthetic strategy first chosen to synthesise 

these compounds, namely the transmetallation of silver carbene complexes, proved to be 

unsuitable as this method can lead to product contamination with easily overlooked 

halido argentate clusters. It was shown that these impurities can have a severe influence 

on catalytic outcome of the system bringing the danger of misinterpreting achieved 

results. The established alternative synthetic strategy yielded pure compounds. However, 

their catalytic performance was very low. This can be accounted to the unstable ligand 

environment of the catalytic centre of RuRRipRh/Ir complexes and it is quite plausible 

that loss of the space holder COD ligand leads to decomposition of the compound under 

catalytic conditions. Luckily the silver-free synthesis route could be expanded. It seems the 

crucial point for successful introduction of the second metal centre, is to provide a suitable 

coordination centre at the same time as the carbene moiety is formed. By this way 

RubbipPtCl2 could be synthesised. This compound gives stable catalytic turnover for many 

days with the drawback of a relatively low efficiency. Still, in comparison to the related 

RutpphzPtCl2 stability and maximum turnover number are increased. Furthermore, the 

catalytic performance could be significantly boosted by an in situ ligand exchange of the 

halide co-ligands on the catalytic centre.  

Benchmarking the catalytic performance alone does clearly not provide the necessary 

information for rational catalyst design. The understanding of fundamental photophysical 

and correlated photochemical properties is also of great importance. It could be shown 

that a new MS-coupled pump-probe method gives straightforward access to a multitude of 

relevant details on the stability of the investigated compounds as well as on the 

localisation and dynamics of excited state processes. At the same time this action 

spectroscopy has a lower demand on amount and purity of the compound and is less 

resource consuming than conventional methods, therefore accelerating the research 

towards logic-driven design of photocatalysts. 

It is fair to say that RuRRipM systems are now growing out of their infancy as different 

approaches exist to alter the substitution pattern of ip ligands and also several methods for 

the introduction of the second metal centre have been reported.[49,50,74–76] Additionally, the 

modification of the peripheral ligands of the ruthenium centre can principally be 

achieved.[77] This opens up the way to tune a range of properties of the system that can 

either affect the behaviour of the catalyst itself or enable further derivatisation and 

applications of the system. In Figure 32 the structure of a heterodinuclear Ru-TM complex 

featuring an ip-based bridging ligand and possible spots for modification is presented. 
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Figure 32: Structure of an ip containing PMD and possibilities to tune its properties. 

The substitution of R1 has not been topic of this thesis but it is possible to introduce 

various groups in this position. This could be pyridines, carboxylates, phosphonates, long 

alkyl chains or others which can be used to immobilise the PMD on supports like 

semiconductor particles and electrodes or reverse-phased supports and polymers.[77–80] But 

also the tuning of orbital energy levels of the peripheral ligands by electron withdrawing 

or donating substituents is possible. This can have a huge impact on the catalytic 

performance of the system as shown by Vos and colleagues.[81–83] Here it was postulated 

that introduction of ester groups on the peripheral ligands leads to a stronger population 

of excited states based on these ligands. This, in turn, was suggested to function as an 

electron reservoir and thereby improving catalytic turnover. 

In principal a similar functionalisation as mentioned for R1 is possible for R2 as well. 

Introduction of hydrophilic or hydrophobic groups has been achieved in related 

systems.[84,85] Long alkyl chains, for example, could possibly be used to introduce a 

hydrophobic protection layer to the semiconductor surface when immobilising the 

catalyst.[86] The electronic properties of NHCs are much more dependent on the backbone 

than on the N-substituents, therefore only little influence on the energy levels can be 

achieved by this way.[87] Therefore, it is clearly more interesting to use R2 to influence the 

catalytic centre e.g. by introducing bulky substituents that could have a steric effect or by 

providing substituents that contain heteroatoms that could either directly bind to the 

catalytic centre or possibly facilitate proton transport by acid/base functionality.[88] 

Another great benefit of the ip-based bridging ligands is that they can probably bind 

numerous transition metals due to their carbene nature allowing for a versatile 

modification of the catalytic centre.[87] Also as described above the co-ligands on the 

catalytic centre can have a significant influence on the catalytic performance, therefore 

adjustment of this ligand sphere should be considered as well. 

In order to allow large scale application of PMDs for solar energy conversion and storage 

certain key points should be fulfilled. The used materials should be cheap and abundant 

and ideally non-toxic. For RuRRipM systems the use of earth abundant metals like Fe, Co 

or Ni could be a first step into this direction. There are already examples of electro- and 

photocatalytic systems making use of earth abundant metal complexes to split water, 

proving the general applicability of these metals, which is also demonstrated by nature in 
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[FeFe]- or [FeNi]-hydrogenase enzymes.[89,90] Also, for convenient processing and safety in 

application the separation of half-reactions (and thus their reaction products) is 

important. The easiest way to achieve this is by construction of photo(electro)chemical 

cells. Here the immobilisation of PMDs on electrode surfaces comes into play, that allows 

spatial separation of the half-reactions but at the same time keeps them electronically and 

chemically linked as conceptualised in DSPECs (Figure 33: Schematic presentation of a 

DSPEC device with immobilized supramolecular catalysts.).[26–28] 

 

Figure 33: Schematic presentation of a DSPEC device with immobilized supramolecular catalysts. 

The just mentioned benefits of heterogeneous concepts are combined with the ones of 

molecular assemblies like their tunability and high atom economy. As stated above the R1 

position of bpy ligands can be used to introduce various anchoring groups for 

immobilisation of RuRRipM systems. As shown in chapter 5.3 the co-ligands can have a 

significant influence on the catalytic performance. The RubbipPt system allowed for the 

first time the in situ tuning of a molecular catalyst. This concept should be investigated in 

more detail and the search for activating yet stabilising co-ligands should be focused in 

future research. Also the in depth understanding of photoprocesses that occur in 

supramolecular catalysts are essential for catalyst improvement. Therefore more detailed 

photophysical investigations of the RuRRipM systems are necessary. Overall the presented 

complexes hold a great potential to be further modulated and investigated. The presented 

work is the first step towards fast and precise modification of NHC containing PMDs and 

their characterisation. The potential arising from the findings of the RuRRipM systems can 

now be utilised and will hopefully further contribute to the logic-driven design of PMDs 

for water splitting reactions. 
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8. List of Abbreviations 

A – absorption 

ADP – adenosine diphosphate 

ATP – adenosine triphosphate 

bbip – 1,3-(bisbenzyl)-1H-imidazo[4,5-f][1,10]phenanthrolin-2-ylidene 

bbipH – 1,3-(bisbenzyl)-1H-imidazo[4,5-f][1,10]phenanthrolinium 

bpy – , ’-bipyridine 

CID – collision induced decay 

Chl-a – chlorophyll a 

Chl-b – chlorophyll b 

COD – 1,5-cyclooctadiene    

DSPEC – dye-sensitised photoelectrochemical cell 

DSSC – dye-sensitised solar cell 

EDX – energy dispersive x-ray (spectroscopy) 

F – fluorescence 

FAD – flavin adenine dinucleotide  

Fc – ferrocene 

Fc+ – ferrocenium 

HOMO – highest occupied molecular orbital 

IC – internal conversion 

ISC – intersystem crossing 

LC – ligand centred transition 

LMCT – ligand-to-metal charge transfer 

LUMO – lowest unoccupied molecular orbital 

MC – metal centred transition 

MLCT – metal-to-ligand charge transfer 

NADP+/NADPH – nicotinamide adenine dinucleotide phosphate (oxidised/reduced form) 

NHC – N-heterocyclic carbene 

OEC – oxygen evolving complex 

P – phosphorescence 

PC – plastocyanine 

PCET – proton-coupled electron transfer 

PEC – photoelectrochemical cell 

PF – photofragmentation  

phen – 1,10-phenanthroline 

phz – phenazine 

PMD – photochemical molecular device 

PQ – plastoquinone 

PS – photosensitiser 

PV – photovoltaic 

RubbipH – [(tbbpy)2Ru(bbipH)]3+ 

Rubpy – [Ru(bpy)3]
2+ 

SDG – sustainable development goal 

SEM – scanning electron microscope 
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SP – special pair 

TA – transient absorption 

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

TDM – transition dipole moment 

TEA – triethylamine 

TM – transition metal 

TOF – turnover frequency 

TON – turnover number 

tpphz – tetrapyrido[3,2-a: ’ ’-c: ’’, ’’-h: ’’’, ’’’-j]phenazine 

UN – United Nations 

VR – vibronic relaxation 
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Carbene based photochemical molecular
assemblies for solar driven hydrogen generation†
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Novel photocatalysts based on ruthenium complexes with NHC (N-heterocyclic carbene)-type bridging

ligands have been prepared and structurally and photophysically characterised. The identity of the NHC-

unit of the bridging ligand was established unambiguously by means of X-ray structural analysis of a

heterodinuclear ruthenium–silver complex. The photophysical data indicate ultrafast intersystem crossing

into an emissive and a non-emissive triplet excited state after excitation of the ruthenium centre. Excep-

tionally high luminescence quantum yields of up to 39% and long lifetimes of up to 2 µs are some of the

triplet excited state characteristics. Preliminary studies into the visible light driven photocatalytic hydrogen

formation show no induction phase and constant turnover frequencies that are independent on the con-

centration of the photocatalyst. In conclusion this supports the notion of a stable assembly under photo-

catalytic conditions.

Introduction

The identification of novel technologies capable of producing
energy in a sustainable manner has become an important
research aim to control the ever increasing need for energy
and the resulting climate change. In this context, light driven
water cleavage with formation of hydrogen represents a
promising approach.1 Different photocatalytic concepts were

developed in the past, using, for instance, heterogeneous
photocenters, photo-electrochemical cells,2 and intermolecular
systems.3–6 Most recently, intramolecular systems were develo-
ped, consisting of a photosensitiser, a catalytically active site,
and a bridging ligand.3–7 Such a molecular design, first
realised in 2006,8 powers an intramolecular electron transfer
from the chromophore towards the catalyst via a bridging
ligand during the lifetime of the MLCT (metal to ligand charge
transfer)-excited state.9 Thus, we recently reported that in such
a photocatalyst – [(tbbpy)2Ru(μ-tpphz){PdCl2}](PF6)2 (tbbpy =
4,4′-tert-butyl-2,2′bipyridine and tpphz = tetrapyrido[3,2-a:2′,3′-
c:3″,2″-h:2′′′,3′′′-j]phenazine) – photoreduction of the palla-
dium centre precedes the production of hydrogen.9 Upon
regeneration of the chromophore, protons are reduced to
hydrogen at catalytic centre in moderate turnovers.

This modular concept allows for a rational design and for
the systematic optimization of the individual subunits. This is
of significance for the development of new types of catalysts,
which may overcome the drawbacks of the previous gener-
ations. Importantly, for the advancement of intramolecular
systems several design considerations have to be taken into
account.10 The photochemical properties as well as the redox
properties of the photoexcited state have to allow the reduction
of appropriate catalytic centres and these reduced centres
must be capable of reducing the substrate, i.e. protons to
hydrogen. This ability correlates also with the structure of the
catalytic centre. In particular, the excited state energy of the
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chromophore should be tuneable and the bridging ligand
should be electronically linked in a stable manner to the cata-
lytic centre in all of its redox states leading to chemically
stable compounds. The later point has been emphasized by
Hammarström et al. for a dinuclear ruthenium–palladium
catalyst.11 During photocatalysis, palladium colloids were
detected, which implies their release from the reduced
complex in the weakly stabilizing NN-chelating environment.
Moreover, the ensuing investigations on platinum catalysts
based on polypyridine ligands showed contradicting results.
Eisenberg et al. could detect a photodecomposition of plati-
num catalysts, which led to the conclusion that the resulting
colloids may serve as active catalysts.12 However, in contrast to
this findings, Sakai et al. demonstrated that some of his plati-
num catalysts are stable.13 Consequently, the question, under
which circumstances colloids are formed and whether they are
the catalytically active species, cannot be answered satisfyingly
yet for oligopyridine based palladium or platinum catalysts.
It is therefore highly desirable to take alternative bridging
ligands with more suitable donor sets into consideration. The
problem of stability of the low valence state of a catalyst is
addressed in great detail in organometallic catalysis. Hence,
appropriate ligands such as phosphine and, more recently,
NHC ligands have been favoured. Research in this area is
increasing rapidly, showing the importance and advantages of
these systems, in particular, the enhanced stability. Therefore,
these NHC ligands are useful in gaining full control over the
electronic and steric properties of the catalytic centre during
particular reactions.14 Recently, Chung et al. showed, for
instance, that a dinuclear (NHC)-ruthenium–iridium-complex
can be used as a sensitizer for CO.15

Motivated by these observations, we present here the syn-
thesis and characterisation of the first photocatalyst for the
water reduction containing a NHC-NN-bridging ligand15–17

based on 1,3-(bisbenzyl)-1H-imidazo[4,5-f ][1,10]phenanthroli-
nium bbip+. Starting from [Ru(bbip)]3+ [(tbbpy)2Ru(bbip)]-
(PF6)3 as a building block the heterometallic intramolecular
photocatalysts [(tbbpy)2Ru(μ-bbip){AgCl}]Cl2 ([Ru(bbip)Ag]2+),
[(tbbpy)2Ru(μ-bbip){PdCl2X}]Cl2 (X = coordinated solvent;
[Ru(bbip)Pd]2+), and [(tbbpy)2Ru(μ-bbip){Rh(cod)Cl}]Cl2 (cod =
1,5-cyclooctadiene; [Ru(bbip)Rh]2+) were prepared. A detailed
structural and photophysical investigation corroborates photo-
induced electron transfer reactions that are the key step for the
overall photocatalytic activity.

Results and discussion
Synthesis of the ligands

1H-Imidazo[4,5-f ][1,10]phenanthroline (ip) was synthesised
according to literature18 and used as starting material for the
synthesis of the NN-NHC-ligand bbip+ by stepwise alkylation
with benzyl bromide (Fig. 1; for detailed synthesis see ESI†).
The successful formation of the compounds was verified by
NMR. The typical imidazolium salt properties of bbip+ were
revealed in a kinetic NMR experiment. In particular, bbip+

shows in methanol-d4 fast H/D-exchange of the active 2-ip
proton (Fig. S2†). A first order decay of the relative peak area of
the NCHN-proton was observed with a rate constant of kH/D =
2.36 ± 0.01 × 10−5 s−1 (t1/2 = 490 ± 2 minutes at 25 °C).

The formation of all ligands was further verified by
ESI-HRMS, elemental analysis and X-ray crystallography (see
ESI†). Selected bond lengths and angles are listed in Table 1. A
detailed discussion is given below.

Synthesis of the NN-chelated Ru complexes

To probe and compare the coordinating features of the poten-
tial bridging ligands a series of new ruthenium complexes was
prepared as depicted in Fig. 2 (for details regarding synthesis
see ESI†).

Ruthenium was chosen because of its favourable light har-
vesting properties. The syntheses of the ruthenium complexes
were carried out by the reaction of stoichiometric reactions of
[Ru(tbbpy)2Cl2] and ip, bip, or bbip+, in ethanol–water using a
microwave reactor. After counter ion exchange with NH4PF6,
[Ru(tbbpy)2(ip)][PF6]2 ([Ru(ip)]2+), [Ru(tbbpy)2(bip)][PF6]2
([Ru(bip)]2+), and [Ru(bbip)]3+ were obtained in good yields. In
the case of [Ru(bbip)]3+, a slightly longer reaction time of five
hours was necessary to drive the reaction between the posi-
tively charged ruthenium and the positively charged ligand.
Chromatographic purification yielded pure [Ru(ip)]2+,
[Ru(bip)]2+, and [Ru(bbip)]3+ (for details regarding the syn-
thesis see ESI†). 1H- and 13C-NMR spectroscopy revealed the
typical imidazolium salt properties of [Ru(bbip)]3+, while the
H/D-exchange in methanol-d4 was too fast for kinetic NMR-
investigations (compared to bbip+, Fig. S2†). Most important is
the pattern of the phenanthroline related 6/9-, 5/10- and 4/11-
proton signals, which implies the presence of a symmetric
ligand in the case of [Ru(ip)]2+ and [Ru(bbip)]3+ and an asym-

Fig. 1 Stepwise synthesis of bbip+ starting from ip.
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metry ligand in the case of [Ru(bip)]2+ (Fig. 3; for numbering
see Fig. 2).

The benzylic CH-signals further corroborate these ob-
servations (δRu(bip)4HCH2

= 5.99 ppm and δRu(bbip)4HCH2
=

6.17 ppm). Significant is also the shift of the singlet signals
of the 2-protons due to the +I-effect (δRu(ip)H2-ip = 8.44 ppm,
δRu(bip)H2-ip = 8.48 ppm, and δRu(bbip)H2-ip = 9.08 ppm) due to
increasing deshielding of the NCHN-proton after stepwise
alkylation and salt formation ([Ru(bbip)]3+).

ESI-HRMS mass spectrometry and elemental analysis
further confirm the formation of the complexes. Suitable crys-
tals for X-ray crystallography were obtained for all of the mono-
metallic ruthenium complexes (Table 1 and ESI†). A detailed
discussion is given below.

Synthesis of [Ru(bbip)Ag]2+

At this point, transformation of the imidazolium salt into the
corresponding carbene derivatives to synthesise the corres-

Fig. 2 General synthesis of ruthenium complexes with ip-type ligands.

Table 1 Selected bond lengths and angles of the imidazole-moiety and the NN-coordination sphere of the ligands ip, bip, and bbip+ and of the

resulting ruthenium complexes [Ru(ip)]2+, [Ru(bip)]2+, [Ru(bbip)]3+, and [Ru(bbip)Ag]2+ (numbering refers to Fig. 6)

Bond lengths [Å] ipa bip bbip+ [Ru(ip)]2+ [Ru(bip)]2+ [Ru(bbip)]3+ [Ru(bbip)Ag]2+

Ag1–C13 — — — — — — 2.080 (6)
Ag1–Cl1 — — — — — — 2.3214 (16)
Ru1–N1 — — — 2.060 (4) 2.064 (5) 2.057 (4) 2.055 (5)
Ru1–N2 — — — 2.058 (4) 2.055 (4) 2.056 (4) 2.067 (5)
N3–C13 1.330 (4) 1.357 (2) 1.330 (9) 1.336 (8) 1.308 (7) 1.318 (7) 1.357 (9)
N4–C13 1.331 (4) 1.315 (3) 1.322 (8) 1.338 (8) 1.368 (7) 1.323 (7) 1.357 (9)
N3–C5 1.392 (3) 1.391 (2) 1.400 (8) 1.361 (7) 1.376 (7) 1.395 (7) 1.395 (7)
N4–C6 1.391 (3) 1.387 (2) 1.391 (9) 1.376 (7) 1.376 (7) 1.395 (7) 1.386 (7)
C5–C6 1.365 (4) 1.378 (3) 1.386 (9) 1.373 (8) 1.379 (8) 1.380 (8) 1.379 (9)
N1–C12 1.356 (3) 1.352 (2) 1.367 (9) 1.367 (7) 1.372 (7) 1.363 (7) 1.373 (7)
N2–C11 1.360 (3) 1.357 (2) 1.358 (8) 1.385 (7) 1.364 (8) 1.375 (7) 1.372 (7)
C11–C12 1.468 (4) 1.463 (3) 1.454 (10) 1.443 (8) 1.421 (8) 1.449 (7) 1.442 (9)

Angles [°] ipa Bip bbip+ [Ru(ip)]2+ [Ru(bip)]2+ [Ru(bbip)]3+ [Ru(bbip)Ag]2+

C13–Ag1–Cl1 — — — — — — 178.9 (2)
N1–Ru1–N2 — — — 80.15 (17) 79.43 (17) 79.18 (16) 79.32 (19)
N3–C13–N4 110.1 (2) 113.60 (16) 110.9 (6) 112.5 (5) 113.5 (5) 111.0 (5) 105.7 (5)
C13–N3–C5 107.9 (2) 106.09 (16) 108.1 (6) 107.5 (5) 105.9 (5) 107.8 (5) 110.6 (5)
C13–N4–C6 107.8 (2) 104.28 (16) 107.7 (6) 103.7 (5) 104.1 (5) 107.9 (5) 111.0 (5)
N3–C5–C6 106.9 (2) 105.47 (15) 105.8 (6) 105.5 (5) 105.4 (5) 106.6 (5) 106.4 (5)
C5–C6–N4 107.2 (2) 110.56 (16) 107.5 (6) 110.7 (5) 111.1 (5) 106.6 (5) 106.4 (5)
N1–C12–C11 117.7 (2) 116.59 (15) 116.2 (6) 116.3 (5) 115.1 (5) 115.8 (5) 116.0 (5)
N2–C11–C12 117.0 (2) 117.03 (16) 116.5 (6) 115.8 (5) 117.4 (5) 114.9 (5) 115.3 (5)

a Refers to the protonated ip.

Fig. 3 Aromatic region of the 1H-NMR spectra for [Ru(ip)]2+ (top), [Ru-

(bip)]2+ (middle) and [Ru(bbip)]3+ (bottom) in acetonitrile-d3 with corres-

ponding peak assignment.
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ponding NHC-metal complexes proved to be the most challen-
ging step and a number of different methods were attempted
to prepare metal-NHC complexes.19 They include isolation of
the free carbene, followed by subsequent complexation to an
coordinatively unsaturated metal fragment, cleavage of the
tetraaminoethene derivatives with suitable metal precursors,
preparation of a carbene transfer agent for transmetalation,
and synthesis of the NHC-ligand at the metal center.20–24

Surprisingly the target compound [Ru(bbip)Ag]2+ could only be
obtained by reacting the chloride salt of [Ru(bbip)]3+ with
Ag2O in dry dichloromethane. This resulted in the transform-
ation of the imidazolium salt structure into the required
NHC unit (Fig. 4; for details regarding the synthesis see
ESI†).

The presence of the NHC unit was corroborated by the loss
of the H2 signal in the 1H-NMR and the typical high field shift
of the C2 signal (146.82→199.72 ppm) in the 13C-NMR, the
X-ray crystal structure confirm the successful NHC formation
(Fig. 4, Table 1 and ESI†) and by ESI-HRMS analyses of
[Ru(bbip)Ag]2+ (see ESI†).

As the first fully characterised bbip-carbene complex,
[Ru(bbip)Ag]2+ was subject of detailed investigations into
its fragmentation behaviour under MS and MS/MS conditions,
using ESI as the ionisation method.

A 1 mM MeOH solution of [Ru(bbip)Ag]2+ ([(tbbpy)2Ru-
(µ-bbip)AgCl]Cl2) was electrosprayed and the resulting MS
spectrum is depicted in Fig. 5a (top trace). The most abundant
ion corresponds to the singly charged [Ru(bbip)Ag]2+[Cl]−

([[(tbbpy)2Ru(µ-bbip)AgCl]Cl]
+) ion (m/z = 1216.8), which rep-

resents the quasi-molecular ion, the identity of which has
been verified by its isotope pattern and by ESI-HRMS. Interest-
ingly, there are additional signals for [Ru(bbip)Ag]2+ at m/z =
591.1 and [Ru(bbip)]2+ at m/z = 519.2 (Fig. 5 and S3†). Since we
have no other indications of impurities present in the sample,
these fragments most probably originate from dissociations
occurring during the electrospray process of the sample. The
ESI-MS (Fig. 5a) differs from the MS/MS (Fig. 5b), which is not
unusual since the ESI-MS may result from a multitude of pro-
cesses occurring in the spray, while the MS/MS reveals the true
fragmentation behaviour of a selected precursor ion.

In the MS/MS experiment, the [Ru(bbip)Ag]2+[Cl]− ion was
selected and submitted to collision-induced dissociations
(CID) using helium as the collision gas. The resulting daughter
ion spectrum is shown in Fig. 5b.

As far as the fragmentation pattern is concerned, a statisti-
cal loss of the tbbpy versus bbip+ ligand would lead to a 2 : 1
ratio of the respective signals. However, the loss of the bbip+

ligand is virtually absent from the MS/MS spectrum and only
loss of the tbbpy ligand is observed as shown in Fig. 5b. This
indicates a much stronger bond between bbip+ and ruthenium
compared to tbbpy. Similar findings were reported in earlier
investigations related to the competitive complexation of
1,10-phenanthroline (phen) and 2,2′-bipyridine (bpy) to Mn2+

ions.25 In this study, bpy replaces tbbpy, and phen replaces
bbip+. The weaker complexation of bpy ligands by Mn2+ was
attributed to its higher flexibility.25 While phen is frozen in the
cis configuration, bpy has the ability to rotate into the trans

form which may lead to monodentate coordination of the
ligands, followed by ligand loss as has also been observed in
photochemical experiments with ruthenium polypyridyl com-
plexes. This aspect might be even more relevant for tbbpy with
its two tert-butyl groups.

It is interesting to note, that the fragmentation of [Ru-

(bbip)Ag]2+ under ESI-MS conditions (Fig. 5a) leads to the dica-
tion [Ru(bbip)]2+ (m/z = 519.23), an ion that most probably con-
tains a free carbene structure within the imidazolium unit.
The formation of imidazolium-based carbenes is not un-
expected under ESI-MS conditions, but the resulting carbene is
in most cases a neutral species and such reactions cannot be

Fig. 4 Synthesis of [Ru(bbip)Ag]2+ from [Ru(bbip)]3+. Displayed are the

crystal structures of both complexes; counter ions, solvent molecules,

and protons are omitted for clarity.

Fig. 5 (a) MS spectrum of [Ru(bbip)Ag]2+. (b) MS2 spectrum of m/z =

1217, which shows the [Ru(bbip)Ag]2+[Cl]− cation.
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followed by mass spectrometry which relies on the detection of
ions. However, in the present case the reaction product can be
detected as the ligand is firmly attached to the charge-carrying
central metal cation, which acts as a charge tag for the free
carbene.26,27 This analysis provides the firm basis for the
characterization of further and more complex μ-bbip bridged
complexes by mass spectroscopy. However, the ease by which
fragmentation can occur, allows that only imprecise predic-
tions can be made of the actual stability of these compounds.

Structural analysis

With the X-ray structures of the free ligands (ip, bip, bbip+),
the corresponding ruthenium complexes ([Ru(ip)]2+, [Ru-

(bip)]2+, [Ru(bbip)]3+), and the heterometallic complex ([Ru-
(bbip)Ag]2+) in hand a detailed structural comparison is possi-
ble (Fig. 4 and ESI†). Important distances and angles are sum-
marized in Table 1 (numbering refers to Fig. 6).

All distances and angles are in good agreement compared
to similar compounds.15,16,28–30 No or only small changes of
the bond distances (N1–C12, N2–C11, C11–C12) and bond
angles (N1–C12–C11, N2–C11–C12) in the phenanthroline part
are observed between the free ligands and their corresponding
metal complexes. The phenanthroline part remains also widely
unaffected by changes at the imidazole part with respect to
bond lengths and bond angles within the series of the free
ligands and the corresponding complexes. In contrast, the imid-

azole part changes with the stepwise introduction of benzyl
moieties. Although, the imidazole rings exhibit almost identi-
cal N3–C5, N4–C6, and C5–C6 bond lengths, a significant
asymmetry by means of shortening and elongating of the N4–
C13 and N3–C13 bond is discernable in bip and [Ru(bip)]2+.
This is attributed to the partial double bond character of
N4–C13 (bip) and N4–C13 ([Ru(bip)]2+). Various twist angles
regarding the benzyl groups were found, which are, however,
due to crystal packing distortions and indicate a free rotation
in solution, which is in good agreement with 1H-NMR experi-
ments (e.g. singlet for the benzylic CH2 group; see ESI†). The
Ag1–C13 (2.080(6) Å) and Ag1–Cl1 (2.3214(16) Å) bond dis-
tances are in good agreement with the expected values for
[(NHC)AgCl]-type complexes. The bond angle C13–Ag1–Cl1
(178.9(2)°) is almost linear and no indications for other coordi-
nation geometries were observed, which are known for [(NHC)-
AgX]-type complexes (X = Cl, Br, I).31–33

Synthesis of [Ru(bbip)Pd]2+ and [Ru(bbip)Rh]2+

Next, bbip+ was tested as bridging ligand to different catalyti-
cally active metals. In this context, the main advantage of
silver carbene complexes is that they enable the transfer of co-
ordinated NHC ligands to almost any kind of metal centre in
transmetalation reactions.23,34–36 The resulting assemblies are
potentially capable of photoinduced intramolecular electron or
energy transfer between the photosensitiser and the cata-
lytically active site across the bridging ligand. It is also
reasonable to expect photocatalytic activity and even more
important a more stable binding of the catalytic active metal
during catalytic activity.

By reacting [Ru(bbip)Ag]2+ with Pd(CH3CN)2Cl2 in dichloro-
methane (Fig. 7) an insoluble AgCl-precipitate was formed.
From this observation we infer the formation of the palla-
dium-NHC complex [Ru(bbip)Pd]2+. The removal of the pre-
cipitate and the evaporation of the remaining solvent yielded
[Ru(bbip)Pd]2+. The corresponding rhodium complex was syn-
thesized analogously (for details regarding the synthesis see
ESI†). The formation of the target compound was confirmed by
means of 1H-NMR- and ESI-HRMS experiments (Fig. 8 and ESI†).
The splitting of the CH2-signals (δRu(bbip)PdHCH2

= 7.14 ppm (d, J =Fig. 6 Numbering of the atoms in Table 1.

Fig. 7 Synthesis of [Ru(bbip)Pd]2+ and [Ru(bbip)Rh]2+.
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17.7 Hz) and 6.96 ppm (d, J = 17.6 Hz) of [Ru(bbip)Pd]2+ into
two sets may be interpreted in two ways. Firstly, a dimeric
complex [[Ru(bbip)Pd]2]

4+ may be formed in solution.37 Sec-
ondly, the splitting could be caused by hindered rotation of
the benzyl groups38 at room temperature. Similar effects could
be seen for [Ru(bbip)Rh]2+.

Electrochemistry

Electrochemical characterisation of [Ru(bbip)]3+ and [Ru(bbip)-

Ag]2+ reveals that in these novel NN-NHC complexes the basic
features of [Ru(bpy)3]

2+ are maintained. In particular, all of the
complexes show three ligand centred reductions and one
metal centred oxidation (Fig. S4,† and Table 2). Comparing the
data obtained with a structurally related [Ru(tbbpy)2(phen)]

2+

reference shows that the potential for the first reduction of [Ru-
(bbip)]3+ and [Ru(bbip)Ag]2+ is more positive and the oxidation
of the ruthenium centre appears also at slightly more positive
potentials. This is due to the electron deficient bbip+ ligand
and indicates that the lowest energy excited MLCT state is loca-
lised on the bbip+ ligand. Transforming the imidazolium
structure in [Ru(bbip)]3+ to the carbene structure in [Ru(bbip)-

Ag]2+ impacts the energy of the bbip+ ligand orbitals, which
results in a shift of the first reversible reduction from −1.55 to
−1.64 V. However, in the case of [Ru(bbip)Ag]2+ additional ir-
reversible reductions (−1.29 V) and oxidations (−0.38, +0.87)
were found which are probable related to the partly irreversible
decomposition of the complex, and, which hamper a direct
correlation.39 Moreover, it seems that the oxidation of Ru(II/III)
at 0.87 V is overlaid by a number of irreversible redox
processes.

Cyclic voltammograms of [Ru(bbip)Pd]2+ and [Ru(bbip)-

Rh]2+ were also measured. However, the spectra show several
irreversible peaks, which make it impossible to assign the
redox potentials. It is important to note that the first reduction
potentials of the bbip compounds are between 130 and
220 mV more positive than observed for the phen based ana-
logue as shown in Table 2. This suggests that bbip+ ligands are
easier to reduce and that therefore the lowest energy 3MLCT
state is based in this ligand.

Spectroelectrochemistry

In addition, spectroelectrochemical reduction and oxidation of
[Ru(bbip)]3+ were performed to establish the absorption fea-
tures of its reduced and oxidised forms. Electrochemical oxi-
dation resulted in the bleaching of the MLCT absorption
(Fig. S5†), while electrochemical reduction gave rise to new
bands that feature a minimum at 430 nm and maxima at 345,
470, 515 and 600 nm (Fig. S6†). Importantly, these features are
reminiscent of the changes seen for bpy− or LMCT transitions
of the RuIII excited-state chromophore.41

Photophysical parameters

To fully understand the photophysical properties of the com-
pounds of interest and to facilitate their utilisation as photo-
catalytic assemblies, detailed absorption and emission studies
were carried out. The absorption and emission features of the
compounds in acetonitrile are shown in Fig. 9 and 10 and
are summarised in Table 3 – for dichloromethane data see
Table S2 in the ESI.† The results obtained show that the
absorption and emission maxima are similar to those observed
for [Ru(bpy)3]

2+, although the emission maxima show a red
shift of up to 60 nm. This suggests that the emitting state is at
lower energy, in agreement with the electrochemical data.
The latter indicate the carbene type ligands are easier
reduced than the peripheral tbbpy ligands and it seems likely
that the emitting state may therefore be based on the carbene
moiety.

Fig. 9 Absorption spectra of [Ru(bbip)Pd]2+ (blue), [Ru(bbip)Ag]2+

(orange), [Ru(bbip)]3+ (black), [Ru(bbip)Rh]2+ (pink), and [Ru(bpy)3]
2+

(green) in deaerated acetonitrile at room temperature with equally

absorbing solutions (OD = 0.074) at 450 nm.

Fig. 8 Aromatic region of the 1H-NMR-spectra of [Ru(bbip)Ag]2+,

[Ru(bbip)Pd]2+, and [Ru(bbip)Rh]2+ in acetonitrile-d3 with signal

assignments.

Table 2 Selected redox potentials E1/2 (V) of the complexes [Ru-

(bbip)]3+, [Ru(bbip)Ag]2+, and [Ru(tbbpy)2(phen)]
2+ (vs. Fc/Fc+ in a 0.1 M

solution of Bu4NPF6 in dry acetonitrile under argon). Irreversible peaks

are not listed for clarity

Complex L3 L2 L1 RuII/III

[Ru(bbip)]3+ −2.25 −1.98 −1.55 0.86
[Ru(bbip)Ag]2+ −2.22 −1.96 −1.64 0.87
[Ru(tbbpy)2(phen)]

2+ (ref. 40) −2.25 −1.98 −1.77 0.74
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Very notable are higher emission quantum yields, and
longer 3MLCT lifetimes (Fig. 9, Fig. 10, and Table 3, S3a, S3b,
and Fig. S7†) compared to [Ru(bpy)3]

2+. Striking is also the
impact that the nature of the NHC bound metal exerts on the
emission quantum yields. Here, the following order has been
observed Pd > Ag > metal free > Rh. Very interestingly, even for
the weakest emitting complex, that is, [Ru(bbip)Rh]2+, a signifi-
cantly higher quantum yield relative to that reported for
[Ru(bpy)3]

2+ was observed. Further proof of the 3MLCT nature
of the emitting state is derived from singlet oxygen evolution
detected in steady state emission measurements.

The emission lifetime data are more complex than
expected. In dichloromethane single exponential decays are
observed in aerated as well as deaerated solutions for the
[Ru(bbip)]3+ precursor and [Ru(bbip)Ag]2+. For [Ru(bbip)Pd]2+

and [Ru(bbip)Rh]2+ biexponential decays are observed (Table 3
and S3c–d†). The same is observed for aerated acetonitrile
solution (Table S3b†). However in deaerated acetonitrile solu-
tion double exponential decay is observed for all compounds
(Table S3a†).

At this stage this behaviour is not fully understood,
but similar results were obtained for structurally related
compounds.15,29

A potential explanation is the presence of impurities.
However taking into account the detailed characterisation of
the compounds with ESI-HRMS and NMR which do not show
any evidence for impurities this does not look likely, although
we cannot exclude this possibility totally. It is also possible
that the presence of different conformers in solution is respon-
sible, but no direct evidence for this is obtained from NMR
studies. This important issue is at present under further
investigation.

Taking into account the above discussion we tentative
suggest that the data can be explained by the presence of two
emitting states, one based on the peripheral tbbpy ligands and
one based on the carbene moiety. The presence of two emit-
ting states suggests a week coupling between the two states
which may be surprising since they are based on the absorp-
tion spectra of the compounds expected to be close in energy.
Further studies involving time resolved resonance Raman in
combination of partial deuteration of the compounds are
needed to better understand this behaviour.43

We can make a number of observations from the obtained
data. Surprisingly the long components of the emission life-
times together with the emission quantum yields are consider-
ably larger than observed for [Ru(bpy)3]

2+ as shown in Table 3.
In addition, the excited state lifetimes of the heteronuclear
compounds are not quenched by the introduction of the
second metal centre and are increased in some cases.44 This
may suggest week coupling between the photosensitiser and
the catalytic centre and/or a strongly localised carbene excited
state.

An important feature that should be central to the design of
intramolecular systems is that upon excitation of the photo-
sensitiser vectorial electron transfer to the catalytic centre is
taking place via the bridging ligand. It is this process that
makes these compounds intra- rather than intermolecular
photocatalysts. Insights into such intramolecular electron
transfer processes can be obtained from time resolved tech-
niques. Femtosecond (150 fs) pump probe measurements were
carried out using 480 nm excitation. In this study the photo-
physical properties of [Ru(bbip)]3+ and [Ru(bbip)Pd]2+ were
investigated. The results gathered for [Ru(bbip)]3+ are in line
with those obtained for similar polypyridyl compounds and
indicate rapid intersystem crossing of the initially populated
1MLCT excited state. The population of the correspondingly
3MLCT excited state from the associated singlet state for [Ru-

(bbip)]3+ is about 150 fs similar to that obtained for [Ru-

(bpy)3]
2+ (∼100–300 fs)41 (Fig. 11; lower part). Characteristic

features observed for [Ru(bbip)]3+ include minima and
maxima at 443 and 560 nm, respectively, and these compare
well to those of [Ru(bpy)3]

2+ (ref. 41) (Fig. 11, upper part).
Fig. S8† shows differential absorption changes during the 8 ns
timescale of our femtosecond instrumentation showed no
appreciable decay. To further investigate this feature pump
probe measurements on the nanosecond timescale were

Fig. 10 Emission spectra of [Ru(bbip)Pd]2+ (blue), [Ru(bbip)Ag]2+

(orange), [Ru(bbip)]3+ (black), [Ru(bbip)Rh]2+ (pink), and [Ru(bpy)3]
2+

(green) in deaerated acetonitrile upon excitation at 450 nm at room

temperature with equally absorbing solutions (OD = 0.074).

Table 3 Absorption and emission data of [Ru(bbip)]3+, [Ru(bbip)Ag]2+,

[Ru(bbip)Pd]2+, [Ru(bbip)Rh]2+, and [Ru(bpy)3]
2+ measured in deaerated

acetonitrile at room temperature. For further time resolved emission

data see Tables S3a, S3b, S3c and S3d

Complex
λmax, abs

[nm]
λsh, abs
[nm]

λmax, em

[nm] Φ

τ
a
1

[ns]
τ
a
2

[ns]

[Ru(bbip)]3+ 434 481 659 0.25 930 2142
[Ru(bbip)]3+ + TEA 440 476 624 0.40 890 2340
[Ru(bbip)Ag]2+ 440 474 647 0.34 1447 2309
[Ru(bbip)Pd]2+ 440 475 646 0.39 717 1096
[Ru(bbip)Pd]2+ + TEA 440 472 645 0.47 1271 1769
[Ru(bbip)Rh]2+ 440 473 625 0.17 220 2103a

[Ru(bpy)3]
2+ 451 423 607 0.0642 870 —

[Ru(bpy)3]
2+ + TEA 850

a For [Ru(bbip)Rh]2+ a third lifetime was observed (see ESI Table S3a).
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carried out. A notable difference in the spectra of [Ru(bbip)]3+

relative to the aforementioned spectra on the shorter time
scale is that the region from 610 to 780 nm is masked by
3MLCT centred emission. However, in the differential absorp-
tion spectra of [Ru(bbip)]3+, a minimum was observed at
440 nm as well as maxima at 560 and 820 nm (Fig. 12, upper
part) correlating either with a transition that is centred on a
reduced ligand or with a ligand-to-metal charge-transfer
(LMCT) transition to the formally oxidised Ru(III) ion of the
3MLCT state.41 In the absence of molecular oxygen, all 3MLCT
excited state features decay, in agreement with the time-
resolved emission experiments, quantitatively back to the
ground state following the same kinetics, which indicates that
the 3MLCT decay and the ground state recovery go hand in
hand.45 At delay times beyond 20 µs, no residual transitions
neither in the form of bleaching nor positive absorption
remain. From the decay profiles 3MLCT excited state lifetimes
were determined to be around 1000 ns. Similar results were
obtained by investigating [Ru(bbip)Pd]2+ (Fig. S9a, S9b, S10a,
and S10b†) with related transitions; a minimum at 480 nm
and two maxima at 560 and 820 nm these have been assigned
in the same spectroscopic features as discussed for
[Ru(bbip)]3+.41 In contrast, the region from 600 to 760 nm
reflects the 3MLCT centred emission.

The emission properties of [Ru(bbip)]3+ and [Ru(bbip)Pd]2+

in the presence of various amounts of triethylamine (TEA) a
known sacrificial electron donor, were probed. The addition of
TEA caused no appreciable changes to the absorption spectra
regardless of the concentration of the quencher. On the other
hand, the 3MLCT emission spectra reveal an intensification by
a factor of 1.62 and 1.21 for [Ru(bbip)]3+ and [Ru(bbip)Pd]2+,
respectively, rather than a quenching. Furthermore a blue shift
from 659 to 624 nm is observed (Fig. S11,† Table 3). These
data suggest that TEA interacts strongly with both [Ru(bbip)]3+

and [Ru(bbip)Pd]2+ by stabilizing the emissive 3MLCT excited
state (Table 3 and S3a†). A striking observation is that in the
presence of 0.108 M TEA the emission lifetimes of the [Ru-

(bbip)]3+ and the corresponding Pd compounds increase
rather than decrease as would be expected if reductive quench-
ing was taking place. For [Ru(bpy)3]

2+ a small decrease was
observed indicating the rather weak ability of TEA to quench
most ruthenium polypyridyl complexes. The observed increase
in excited state lifetimes for the carbene compounds may be
due to preferential solvation of the complexes by TEA or poss-
ibly by reductive quenching forming a long-lived reduced
ruthenium complex, see below. Hereby, tbbpy and bbip+

ligands are involved. In the presence of TEA, the relative
amplitudes of the longer lifetime (about 2 µs) increases,

Fig. 11 Upper part: Differential absorption spectrum (visible) obtained

upon femtosecond flash photolysis (480 nm) of [Ru(bbip)]3+ in deaer-

ated acetonitrile with a time delay of 1 ps. Lower part: Time absorption

profile at 560 nm, monitoring the intersystem crossing of the 1MLCT

state of [Ru(bbip)]3+ into the 3MLCT state.

Fig. 12 Upper part: Differential absorption spectrum (visible) obtained

upon nanosecond flash photolysis (532 nm) of [Ru(bbip)]3+ in deaerated

acetonitrile with time delays of 0.2 µs (black), 0.5 µs (red), 1.0 µs (blue)

and 2.5 µs (green). Lower part: Time absorption profile at 680 nm, moni-

toring the decay of 3MLCT state of [Ru(bbip)]3+.
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while that of the shorter one (about 1 µs) decreases
(Table S3a†).§

As such, the emission enhancement might be due to the
transition to the bridging ligand, while a potential quenching
is due to the transition to tbbpy. This is further corroborated
by the decrease of the shorter lifetime from 930 to 890 ns and
the increase of the longer lifetime from 2142 to 2340 ns, for
instance, in the case of [Ru(bbip)]3+ (Table S3a†).

Additionally, in nanosecond pump probe measurements
the decay kinetics of the 3MLCT centred emission, which
spans from 610 to 780 nm, shows a pronounced effect upon
addition of TEA (Fig. 13 and S12†).

In the case of [Ru(bbip)]3+ the lifetime increases from 1018
to 1551 ns in the absence and presence of 0.108 M TEA. This
correlates to an increase by a factor of 1.52. A similar obser-
vation was recently made for another ruthenium polypyridyl
complex.46 Commencing with the decay of the excited state a
transient evolves that exhibits a minimum at 460 nm and a
maximum at 500 nm. Notable is also the broadening of the

maximum (Fig. 12 and S12a†). In line with our spectroelectro-
chemical investigations – vide supra – and previous studies on
[Ru(bpy)3]

2+ (ref. 47 and 48) we ascribe this observed process
to the reductive quenching of an excited state. As a matter of
fact the reduced complexes [Ru(bbip)]2+ and [Ru(bbip)Pd]+ and
the oxidized TEA, i.e. the radical cation are formed. Spectro-
scopic evidence for the reduction is the 500 nm maximum,
while the broadening around 475 nm refers to the oxidation of
TEA (Fig. S12a†).47 Based on this analysis we could determine
the lifetime of the reduced complex [Ru(bbip)]2+. Within the
time window of 9 ms a lifetime of 3.3 ms was derived from
the 500 nm fingerprint of [Ru(bbip)]2+ (Fig. S12b†).

Catalytic activity

Based on these results all the new ruthenium compounds were
tested as photocatalysts for hydrogen formation. Irradiation
with visible light (λ = 470 nm, suitable to excite into the
MLCT-band) was carried out under identical conditions in
a water–triethylamine–acetonitrile (2 : 6 : 12/v : v : v) mixture
(Fig. 14). The hydrogen formed was quantified by GC-TCD.
The highest turnover numbers (TONs) were observed for [Ru-

(bbip)Pd]2+ with 36 turnovers after 5 hours at a constant fre-
quency of 7 turnovers per hour. The catalytic activity with
respect to TON and TOF is independent on the catalyst concen-
tration, which was varied between 250 and 10 µM. [Ru(bbip)-
Rh]2+ reaches a lower TON of 16. Surprisingly, even the silver
complex [Ru(bbip)Ag]2+ shows some catalytic activity with 4
turnovers in five hours. As expected, the control experiments
with the mononuclear [Ru(bbip)]3+ complex show no hydrogen
production.

In contrast to other intramolecular photoredox catalysts,
like [(tbbpy)2Ru(tpphz)PdCl2]

2+,9 no induction period is
observed for any of the new complexes, since hydrogen is
detected already after a few minutes of irradiation. Several
important conclusions can be drawn from these observations.
Firstly, [Ru(bbip)]3+ serves as a photosensitizer for the three
different catalytic centres. Secondly, the lack of an induction
phase, the concentration independence of catalytic activity,

Fig. 14 TON of hydrogen production with a 0.25 mM solution of [Ru-

(bbip)]3+ (black), [Ru(bbip)Ag]2+ (orange), [Ru(bbip)Rh]2+ (purple) and

[Ru(bbip)Pd]2+ (blue) in ACN–H2O–TEA during the course of five hours.

Fig. 13 Upper part: Differential absorption spectra (visible) obtained

upon nanosecond flash photolysis (532 nm) of [Ru(bbip)Pd]2+ with 3

equivalents of TEA in deaerated acetonitrile with time delays of 0.2 µs

(black), 0.8 µs (red), 2.0 µs (blue) and 5.0 µs (green). Lower part: Time

absorption profile at 500 nm, monitoring the [Ru(bbip)Pd]+.

§Alternative explanations for this phenomenon could be the appearance of two
different conformers in solution due to the benzyl groups attached to the bbip+

ligand, deprotonation events for the imidazolium C–H function in the excited
state and ligand rearrangements at the carbene bound metal complexes.
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and the constant turn over frequency, especially for [Ru(bbip)-
Pd]2+, support an increased chemical stability of the whole
photoactive catalyst by using NHC-bridging ligands. The influ-
ence of potential dimeric structures in the catalytic mixtures is
currently under investigations.

To investigate whether the [Ru(bbip)M]2+ complexes are
stable during irradiation DLS measurements were performed
under catalytic conditions. For [Ru(bbip)Ag]2+ a linear corre-
lation between particle growth and irradiation time was
observed (Fig. S13†). A possible explanation for this could be
the known formation of complex silver halogenido anions
during synthesis49,50 or the formation of silver particles over
the known photographic effect. Since DLS is not a quantitative
method of analysis very small amounts of impurities of a silver
halogenide may generate over the known photographic effect a
detectible silver particle. Similar experiments were performed
for [Ru(bbip)Pd]2+. However, no clear conclusion could be
drawn from the obtained results. A potential explanation may
be the presence of silver based impurities which may occur
also during the synthesis of [Ru(bbip)Pd]2+ and [Ru(bbip)Rh]2+

alternative methods of investigation such as TEM may be
needed. Further investigations into this direction are in
progress.

Experimental
Used chemicals

All chemicals were of reagent grade and were used without any
further purification. Where necessary all manipulations were
carried out by using Schlenk techniques under argon atmos-
phere. The synthesis of all compounds is described in the ESI†
in detail. All measurements were performed under aerobic
conditions at room temperature unless stated otherwise. The
solvents used for all investigations were purified with a state of
the art solvent purification system for organometallic reagents,
if not stated otherwise. TEA was distilled over CaH2 under
argon for purification.

Steady state UV/vis absorption spectroscopy

Steady state absorption spectra were obtained using a Perkin
Elmer Lambda2 UV/vis two-beam spectrophotometer using a
slit width of 2 nm and a scan rate of 480 nm min−1. All spectra
were recorded using a quartz glass cuvette of 10 × 10 mm.

Steady state emission spectroscopy

Steady state emission spectra were recorded using a Horiba
Jobin Yvon FluoroMax-3 spectrometer using a slit width of
2 nm for excitation and emission and an integration time of
0.5 s. The studies were performed in a 10 × 10 mm quartz
glass cuvette. The emission spectra are corrected for light
power by the spectrometer. However, regarding the detector
sensitivity they are not corrected. Emission quantum yields are
derived from a comparison of the integrated area of emission
to the reference compound [Ru(bpy)3]

2+ (Φ = 0.06 in ACN51)

detected at equally absorbing solution at the excitation wave-
length of 450 nm.

Time resolved emission studies

Emission lifetimes were determined via time correlated single
photon counting (TCSPC) on a Horiba Jobin Yvon FlouroLog3
emission spectrometer with a Hamamatsu MCP photomulti-
plier (R3809U-58). For excitation a laser diode (NanoLED-405L,
403 nm, pulse width ≤200 ps, maximum of repetition rate
100 kHz) was used. All measurements were performed in a
10 × 10 mm quartz glass cuvette.

Electrochemistry

Electrochemical data were obtained by cyclic voltammetry
using a conventional single-compartment three-electrode cell
arrangement in combination with a potentiostat “AUTOLAB®,
eco chemie” or Princeton Applied Research PARSTAT® 2273.
As auxiliary and reference electrode two Pt wires were used;
working electrode: glassy carbon. The measurements were
carried out in anhydrous and argon saturated acetonitrile.
Tetrabutylammonium hexafluorophosphate (TBAPF6 = 0.1 M)
was used as supporting electrolyte at ambient temperature
(20 (±5) °C). All potentials are referenced to the internal
standard ferrocene/ferrocenium (E(Fc/Fc+) = 0.00 V). Therefore,
the redox potential E(Fc/Fc+) was shifted from 0.40 V versus SCE
as measured in the CV-set up to 0.00 V.

Spectroelectrochemistry

Spectroelectrochemical experiments were carried out using
a HEKA Elektronik Potentiostat/Galvanostat PG284 and a
SPECORD S600 Analytic Jena spectrophotometer. The
measurements were performed in a homemade three neck
cell (d ∼ 0.3 cm) with a platinum gauze (working electrode), a
platinum wire (counter electrode) versus a silver wire (pseudo
reference electrode) under argon atmosphere. Tetrabutyl-
ammonium hexafluorophosphate (TBAPF6 = 0.2 M) was used
as supporting electrolyte. All potentials are referenced to ferro-
cene/ferrocenium (E(Fc/Fc+) = 0.00 V).

Femtosecond transient absorption spectroscopy

Femtosecond transient absorption studies were performed
with an amplified Ti/sapphire laser system (Model CPA 2101,
Clark-MXR Inc. – output: 775 nm, 1 kHz and 150 fs pulse
width) in the TAPPS – Transient Absorption Pump/Probe
System – Helios from Ultrafast Systems. That is referred to a
two-beam setup where the pump pulse of 480 nm and 200 nJ,
generated out of a NOPA – noncollinear optical parametrical
amplifier, Clark MRX Inc. – is used as excitation source for
transient species and the delay of the probe pulse is exactly
controlled by an optical delay rail of 3.3 ns. As probe beam
(white light continuum), a small fraction of 775 nm pulses
stemming from the CPA laser system was focused by a 50 mm
lens into a 3 mm thick sapphire disc. Finally, the changes in
optical density (ΔA) were measured against the wavelength in
both visible and near-infrared regions. The transient spectra
were recorded in a 10 × 2 mm quartz glass cuvette.
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Nanosecond transient absorption spectroscopy

For nanosecond transient absorption experiments the samples
were excited with the output of the second harmonic (532 nm)
coming from a Nd:YAG laser. Moreover, pulse widths of less
than 5 ns with energies of up to 7 mJ were selected. The
optical detection was based on a pulsed Xenon lamp, a mono-
chromator, a photomultiplier tube or a fast silicon photodiode
with a 1 GHz amplification and a 500 MHz digital oscilloscope.
The laser power of every laser pulse was registered using a
bypath with a fast silicon photodiode. The experiments were
performed in a 10 × 5 mm quartz glass cuvette.

Mass spectrometry

The ESI experiments discussed above (Fig. 5 and the data
shown in Fig. S3†) were performed with an Esquire 6000
(Bruker) ion trap mass spectrometer. High-resolution mass
spectrometry (HRMS) was performed using a Fourier Trans-
form Ion Cyclotron Resonance (FT-ICR) mass spectrometer
solariX (Bruker Daltonik GmbH, Bremen, Germany) equipped
with a 7.0 T superconducting magnet and interfaced to an
Apollo II Dual ESI/MALDI source. As solvents 0.1 M HCOOH.
aq–MeOH (9 : 1/v : v) (ip), methanol (bip, bbip+, [Ru(bbip)]2+

and [Ru(bbip)]3+) and acetonitrile ([Ru(ip)]2+, [Ru(bbip)Ag]2+,
[Ru(bbip)Pd]2+ and [Ru(bbip)Rh]2+) were used.

NMR-experiments

The NMR spectra were recorded on a Lambda/Eclipse 400
(Jeol; 400 MHz) and an AVANCE 400 (Bruker; 400 MHz).

Crystal-structure analyses

The intensity data for the compounds ip, bip, bbip+, [Ru(ip)]2+,
[Ru(bip)]2+ and [Ru(bbip)]3+ were collected on a Bruker-Nonius
KappaCCD diffractometer, using graphite-monochromated
Mo-Kα radiation (λ = 0.71069 Å, graphite monochromator) at
−140(2) °C. Data were corrected for Lorentz, polarization
effects, and for absorption effects.52,53 ¶ The structures were
solved by direct methods (SHELXS) and refined by full-matrix
least squares techniques against Fo

2 (SHELXL-97). The hydro-
gen atoms were included at calculated positions with fixed
thermal parameters. All nonhydrogen atoms were refined aniso-
tropically.54 XP (SIEMENS Analytical X-ray Instruments, Inc.)
was used for structure representations. Intensity data for [Ru-

(bbip)Ag]2+ were collected on a Bruker-Nonius KappaCCD diffr-
actometer using graphite-monochromated Mo-Kα radiation
(λ = 0.71073 Å). Data were corrected for Lorentz and polariz-
ation effects; absorption was taken into account on a semi-
empirical basis using multiple scans (SADABS 2.10k). The
structure was solved by direct methods and refined by full-
matrix least-squares techniques on F2 (SHELXLTL 6.1254). The
two chloride anions were distributed over three different
crystallographic sites with one site being occupied by 100% and
the other two by 50% only. The compound crystallized with a

total of 6.54 molecules of CHCl3 and 1.27 molecules of THF
per formula unit. Some of the CHCl3 molecules were dis-
ordered and shared their crystallographic sites with THF mole-
cules. The following site occupancies for the disordered
solvent molecules were obtained: 53.3(6)% for C500–Cl53,
38.3(6)% for C600–Cl63, 42.3(8)% for C610–Cl66, 29.3(7)%
for C700–Cl73, 39.5(7)% for C800–Cl83, 50% for C900–Cl93,
70.7(7)% for O600–C604 and 56.8(11)% for O900–C904. SAME,
SIMU, and ISOR restraints were applied in the refinement of
the disorder. H atom positions of the water molecule were
derived from a difference Fourier and were not further refined.
All other hydrogen atoms were placed in positions of idealized
geometry. The isotropic displacement parameters of all H
atoms were tied to the equivalent isotropic displacement para-
meter of their corresponding carrier atom by a factor of 1.2 or
1.5. CCDC 893729 (for ip), CCDC 893730 (for bip), CCDC
893731 (for bbip+), CCDC 893732 (for [Ru(ip)]2+), CCDC
893733 (for [Ru(bip)]2+), CCDC 765499 (for [Ru(bbip)]3+), and
CCDC 796734 (for [Ru(bip)Ag]2+) contain the supplementary
crystallographic data for this paper.

Catalysis experiments

The photohydrogen production experiments were carried out
using a home-built air-cooling apparatus for maintaining
room temperature (22 °C) and constant irradiation of the
sample. 5 ml GC vials (diameter = 13 mm, VWR) with a known
headspace of 3 ml and a headspace/solution ratio of 3/2 were
used as reaction vessels. Directly before the irradiation experi-
ments, fresh stock solutions of the respective samples with
solvent mixtures of acetonitrile, triethylamine and water in a
6 : 3 : 1 ratio (v : v : v) and with the desired concentrations of
ruthenium complex (10 µM, 50 µM, 100 µM and 250 µM) were
prepared in the dark. Then, the required number of GC vials
was charged in the dark and under nitrogen atmosphere. Sub-
sequently, the samples were irradiated with a LED-array (54
LEDs, exit angle 15°, luminous intensity 14.0 cd each, from
Innotas Elektronik GmbH, Zittau, Germany) at a wavelength of
(λ = 470 nm, suitable to excite in the MLCT-band). After the
irradiation, 100 µl gas samples were drawn from the headspace
and injected immediately into the GC apparatus. The concen-
tration of evolved hydrogen was quantified by headspace GC
on a GCMS-QP2010S chromatograph from Shimadzu, with a
thermal conductivity detector and a Rtx®-5MS (Fused Silica)
column (length 30 m, 0.25 mm inner diameter, layer thickness
0.25 µm) with nitrogen as carrier gas (purity 99.999%) an oven
temperature of 70 °C, a flow rate of 22.5 ml min−1, a detector
temp. of 220 °C, and a pressure of 102.1 kPa were used. The
GC was calibrated by mixing different volumes of pure hydro-
gen (0–100%) together with nitrogen into a Schlenk vessel. The
obtained signal (retention time for H2, tR = 1.95 min) was
plotted against the calibration curve and multiplied accord-
ingly to receive the total produced hydrogen content in the
headspace. Irradiation experiments and hydrogen measure-
ments were repeated several times for each reaction time
(between 2 and 12 h) and catalyst concentration.

¶COLLECT, Data Collection Software; Nonius B.V., Netherlands, 1998.
kSADABS 2.10, Bruker-AXS Inc., 2002, Madison, WI, U.S.A.
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Particle size measurement

The DLS-measurements were obtained using a Delsa Nano C
Particle Analyzer from Beckman Coulter. As light source dual
30 mW laser diodes with a wavelength of 658 nm were used.
All measurements were performed at 25 °C. For the viscosity a
value of 0.58 mPa s with a failure range of ±0.10 mPa s and for
the refractive index a value of 1.3648 determined for the cata-
lytic mixture. All size calculations were done with standard
calculation methods. All measurements were performed apply-
ing 10 × 10 mm quartz SUPRASIL inert cuvettes from Hellma.
All experiments were repeated with three identical solutions to
ensure the reproducibility of the data. All solvents were
degassed with nitrogen before use. The catalytic mixtures con-
sisted of 1.2 ml acetonitrile (with the photo catalyst), 0.6 ml
Et3N and 0.2 ml water. The final concentration of the photo
catalyst in the catalytic solution was 50 µM. This mixture was
filled into the cuvettes through a syringe filter (pore size 0.2
µm) under inert conditions. All solutions were measured
immediately. In the beginning every solution was investigated
without irradiation. Each experiment was repeated several
times. Between the measurements the solutions were irra-
diated with led-arrays (λ = 470 nm).

Conclusions

A novel NN-NHC-bridging ligand was designed and used to
synthesize a new type of photoredox active metal complexes,
where the second metal centre is bound by the NHC-carbene
unit. The full characterization including X-ray structural data
for the heterodinuclear [Ru(bbip)Ag]2+ complex unambigu-
ously confirms the presence of the carbene substructure. The
photophysics showed absorption and emission features typical
for light harvesting ruthenium complexes. Most relevant for
photocatalytic application are the observed, dual emission,
high quantum yields, and long lifetimes for the emissive and
non-emissive dark 3MLCT in [Ru(bbip)]3+ and [Ru(bbip)Pd]2+.
Finally, the photocatalytic investigations of hydrogen for-
mation from water in the presence of a sacrificial electron
donor showed several features reminiscent of stable catalysts
like constant turnover frequencies, independence of activity on
concentration of the catalyst and mainly the absence of an
induction phase.

This evidence provides the opportunity to further optimize
the catalytic performance of these systems for instance along
the lines described for the [(tbbpy)2Ru(tpphz)PdCl2][PF6]2.

9 All
aspects observed so far suggest a high stability of the new
NN-NHC bridged heterodinuclear complexes, which support
the assumption that the NHC-donor set has a favourable influ-
ence on catalytic centres. Further investigations aimed at
improving catalytic activity by optimizing the conditions like
solvent composition and water concentration are under way.
This new type of photoredox active dinuclear complexes
bridged by a more stabilizing NN-NHC ligand showed a prom-
ising way for further synthesis of photoactive catalysts.
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Figure S1: Synthetic route leading to the catalyst complexes. (i: NaH, benzyl bromide, 
(DMF), r.t., 16h; ii: benzyl bromide, (DMF), 120 C, 3h; iii: [Ru(tbbpy)2Cl2], (EtOH/H2O), 
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1H-imidazo[4,5-f][1,10]phenanthroline (ip) In a round bottom flask 5.0 g (23.8 mmol) of 
1,10-phenanthrolindione, 6.7 g (47.6 mmol) of hexamine and 9.2 g (0.12 mol) of ammonium 
acetate were suspended in 70 ml of glacial acetic acid. After refluxing the resulting mixture 
for two hours, the volatiles were removed under reduced pressure. The resulting solid was 
dissolved in water and neutralized with ammonia. Stirring this mixture over night yielded an 
off-white precipitate. The solid was filtered off, and washed twice with water and dried under 
vacuum. Further purification was achieved by recrystallization from water. Yield: 4.45 g 
(20.2 mmol, 85 %) of a white powder.

1H NMR (400 MHz, DMSO) δ 9.03 (dd, J = 4.3, 1.8 Hz, 2H6,9/4,11), 8.82 (dd, J = 8.1, 1.6 Hz, 
2H6,9/4,11), 8.46 (s, 1H2), 7.82 (dd, J = 8.1, 4.3 Hz, 2H5,10).

13C NMR (101 MHz, DMSO) δ 147.78, 143.51, 140.88, 129.47, 123.34.

ESI-HRMS: m/z calc. for [M+H]+ ([C13H9N4]+): 221.08217, found: 221.08232 (0.68 ppm).

Elementary analysis: % calc. for [M] ([C13H8N4]): C: 70.90, H: 3.66, N: 25.44, found: C: 
70.35, H: 3.64, N: 24.93.

Crystals suitable for X-ray diffraction were obtained from diluted trifuoroacetic acid.



4

N

N N

N

bip

1

2

3

4
5

6

7

8

9

10
11 phCH2

1-Benzyl-1H-imidazo[4,5-f][1,10]phenanthroline (bip) 2.0 g (9.1 mmol) of ip were 
deprotonated with 523 mg (13.1 mmol) of sodium hydride (60 % in paraffin) under argon 
atmosphere in 10 ml of dry DMF. Then 1.30 ml (10.9 mmol) of benzyl bromide was added to 
the stirred sodium imidazolide solution. After the reaction time of three hours at room 
temperature the solvent was removed completely under vacuum and the residue was 
redissolved in chloroform and washed with water. The combined organic phases were dried 
over Na2SO4. Purification was achieved by column chromatography using chloroform and 
silica gel 60 as phase system. Yield: 1.9 g (6.1 mmol, 74 %) of a colorless solid.

1H NMR (400 MHz, CDCl3) δ 9.06 (dd, J = 4.4, 1.8 Hz, 1H4/6/9/11), 8.86 – 8.83 (m, 2H4/6/9/11, 

4/6/9/11), 7.87 (dd, J = 8.4, 1.6 Hz, 1H4/6/9/11), 7.79 (s, 1H2), 7.61 (dd, J = 8.1, 4.4 Hz, 1H5/10), 
7.19 – 7.13 (m, 4H5/10,ph), 6.91 (dd, J = 7.6, 1.7 Hz, 2Hph), 5.54 (s, 2HCH2).

13C NMR (101 MHz, CDCl3) δ 148.77, 147.70, 144.40, 144.00, 143.31, 137.28, 134.85, 
130.12, 129.25, 128.40, 128.29, 125.75, 124.07, 123.96, 123.44, 122.30, 119.20, 50.96.

1H NMR (400 MHz, MeOD) δ 8.87 (dd, J = 4.4, 1.7 Hz, 1H4/6/9/11), 8.69 (dd, J = 4.4, 1.5 Hz, 
1H4/6/9/11), 8.64 (dd, J = 8.1, 1.7 Hz, 1H4/6/9/11), 8.07 (s, 1H2), 7.95 (dd, J = 8.4, 1.5 Hz, 
1H4/6/9/11), 7.62 (dd, J = 8.1, 4.4 Hz, 1H5/10), 7.24 (dd, J = 8.4, 4.4 Hz, 1H5/10), 7.18 – 6.96 (m, 
5Hph), 5.62 (s, 2HCH2).

13C NMR (101 MHz, MeOD) δ 149.18, 148.25, 145.33, 144.33, 144.13, 137.11, 136.77, 
131.05, 130.36, 130.07, 129.01, 127.04, 124.83, 124.74, 124.53, 123.68, 120.12, 51.70.

ESI-HRMS: m/z calc. for [M+H]+ ([C20H15N4]+): 311.12912, found: 311.12928 (0.51 ppm); 
m/z calc. for [2M+H]+ ([C40H29N8]+): 621.25097, found: 621.25079 (0.29 ppm); m/z calc. for 
[2M+Na]+ ([C40H28N8Na]+): 643.23291, found: 643.23259 (0.50 ppm); m/z calc. for 
[3M+Na]+ ([C60H42N12Na]+): 953.35476, found: 953.35399 (0.81 ppm).

Elementary analysis: % calc. for [M+CHCl3] ([C21H15Cl3N4]): C: 58.69, H: 3.52, N: 13.04, 
found: C: 59.03, H: 3.17, N: 12.88.

Crystals suitable for X-ray diffraction were obtained from methanol/water.
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1,3-Bis(benzyl)-1H-imidazo[4,5-f][1,10]phenanthrolinium bromide (bbip+) 2.00 g (6.44 
mmol) of bip were dissolved in 10 ml of benzyl bromide. The solution was stirred at 120 °C 
for one hour, forming a viscous yellow precipitate. Then 5 ml of DMF were added to the 
stirred solution. After two more hours at 120 °C a light yellow precipitate was formed. The 
crude was allowed to cool down, the precipitate was filtered off and was washed twice with 
diethyl ether. The crude product was purified by recrystallization from toluene with a small 
amount of methanol. Yield: 2.44 g (4.96 mmol, 77 %) of a white solid. (The crude product of 
bip is also a suitable educt for this reaction.)

1H NMR (400 MHz, MeOD) δ 9.66 (s, 1H2), 9.17 (dd, J = 4.5, 1.4 Hz, 2H6,9/4,11), 9.03 (dd, J = 
8.6, 1.4 Hz, 2H6,9/4,11), 7.94 (dd, J = 8.6, 4.5 Hz, 2H5/10), 7.51 – 7.38 (m, 10Hph), 6.37 (s, 
4HCH2).

13C NMR (101 MHz, MeOD) δ 150.90, 144.37, 133.92, 133.64, 130.77, 130.40, 128.76, 
127.55, 125.98, 119.86, 55.16.

ESI-HRMS: m/z calc. for [M-Br]+ ([C27H21N4]+): 401.17607, found: 401.17614 (0.17 ppm).

Elementary analysis: % calc. for [M+2.5H2O] ([C27H26BrN4O2.5]): C: 61.60, H: 4.98, N: 
10.64, found: C: 61.17, H: 4.89, N: 10.44.

Crystals suitable for X-ray diffraction were obtained from hot toluene/water after cooling.
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[Ru(tbbpy)2(ip)][PF6]2 ([Ru(ip)]2+) 100.0 mg (141 μmol) of [Ru(tbbpy)2Cl2] and 33.6 mg 
(141 μmol) of ip were reacted in the microwave for 90 minutes in 100 ml of ethanol/water. 
After cooling and removal of ethanol a dark precipitate was obtained. The crude product was 
dissolved in water and six equivalents of NH4PF6 were added. The formed precipitate was 
collected and washed with water several times. Further purification was achieved by 
recrystallization from acetone/ethanol/water by slow evaporation. After removal of water the 
pure Ru(ip) was obtained as red powder. The yield was 154 mg (134 μmol, 95 %).

1H NMR (400 MHz, CD3CN) δ 8.91 (d, J = 8.2 Hz, 2H6,9/4,11-ip), 8.52 (d, J = 1.9 Hz, 2H3/3’-

bpy), 8.47 (d, J = 1.9 Hz, 2H3/3’-bpy), 8.44 (s, 1H2-ip), 8.00 (dd, J = 5.3, 1.2 Hz, 2H6,9/4,11-ip), 7.79 
(dd, J = 8.3, 5.3 Hz, 2H5,10-ip), 7.70 (d, J = 6.0 Hz, 2H6/6’-bpy), 7.47 (dd, J = 6.0, 2.0 Hz, 2H5/5’-

bpy), 7.44 (d, J = 6.0 Hz, 2H6/6’-bpy), 7.19 (dd, J = 6.1, 2.0 Hz, 2H5/5’-bpy), 1.45 (s, 18HCH3/CH3’-

bpy), 1.35 (s, 18HCH3/CH3’-bpy).

13C NMR (101 MHz, CD3CN) δ 163.51, 163.33, 158.00, 157.76, 152.12, 151.98, 151.01, 
147.01, 143.33, 131.15, 126.94, 125.57, 125.39, 122.46, 122.37, 36.33, 36.21, 30.49, 30.39.

ESI-HRMS: m/z calc. for [M-2PF6]2+ ([C49H56N8Ru]2+): 429.18363, found: 429.18244 (-2.77 
ppm); m/z calc. for [M-2PF6-H]+ ([C49H55N8Ru]+): 857.35998, found: 857.35577 (-4.91 ppm).

Elementary analysis: % calc. for [M] ([C49H56F12N8P2Ru]): C: 51.26, H: 4.92, N: 9.76, found: 
C: 51.35, H: 4.91, N: 9.73.

Crystals suitable for X-ray diffraction were obtained from acetone/ethanol/water.
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[Ru(tbbpy)2(bip)][PF6]3 ([Ru(bip)]2+) 190 mg (268 μmol) of [Ru(tbbpy)2Cl2] and 83.2 mg 
(268 μmol) of bip were brought to reaction for 90 minutes to yield 154 mg (134 μmol, 95 %) 
of the desired complex as red powder. The product was recrystallized from a 
toluene/dichloromethane mixture and could be purified by column chromatography using 
dichloromethane/acetone (5:1) as solvent and silicagel 60 as stationary phase.

1H NMR (400 MHz, CD3CN) δ 9.09 (dd, J = 8.3, 1.3 Hz, 1H4/6/9/11-ip), 8.59 (dd, J = 8.6, 1.0 
Hz, 1H4/6/9/11-ip), 8.52 – 8.45 (m, 5H3,3’-bpy,2-ip), 8.01 (dd, J = 5.3, 1.3 Hz, 1H4/6/9/11-ip), 7.93 (dd, 
J = 5.3, 1.0 Hz, 1H4/6/9/11-ip), 7.80 (dd, J = 8.3, 5.3 Hz, 1H5/10-ip), 7.67 (dd, J = 6.0, 2.9 Hz, 
2H6/6’-bpy), 7.59 (dd, J = 8.5, 5.3 Hz, 1H5/10-ip), 7.47 – 7.18 (m, 10H6/6’,5,5’-bpy,ph), 5.99 (s, 
2HCH2), 1.45 (s, 9HCH3/CH3’/CH3’’/CH3’’’-bpy), 1.43 (s, 9HCH3/CH3’/CH3’’/CH3’’’-bpy), 1.35 (s, 
9HCH3/CH3’/CH3’’/CH3’’’-bpy), 1.34 (s, 9HCH3/CH3’/CH3’’/CH3’’’-bpy).

13C NMR (101 MHz, CD3CN) δ 163.55, 163.51, 163.39, 163.35, 157.98, 157.95, 157.77, 
157.75, 152.14, 152.09, 151.96, 151.91, 151.29, 150.76, 147.48, 147.20, 147.02, 139.39, 
136.47, 131.26, 130.59, 130.19, 129.27, 127.56, 127.37, 127.26, 126.38, 126.29, 125.58, 
125.39, 122.78, 122.48, 122.42, 122.39, 51.68, 36.34, 36.32, 36.23, 36.22, 30.49, 30.40.

ESI-HRMS: m/z calc. for [M-2PF6]2+ ([C56H62N8Ru]2+): 474.20719, found: 474.20650 (-1.46 
ppm); m/z calc. for [M-PF6]+ ([C56H62F6N8PRu]+): 1093.37910, found: 1093.37771 (-1.27 
ppm).

Elementary analysis: % calc. for [M] ([C56H62F12N8P2Ru]): C: 54.32, H: 5.05, N: 9.05, found: 
C: 53.58, H: 4.15, N: 9.01.

Crystals suitable for X-ray crystallography were obtained from an acetonitrile/water/methanol 
mixture (20:2:1).
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[Ru(tbbpy)2(bbip)][PF6]3 ([Ru(bbip)]3+) 367 mg (518 μmol) of [Ru(tbbpy)2Cl2] and 250 mg 
(518 μmol) of bbip+ were dissolved in 200 ml of ethanol/water (4:1/v:v). This mixture was 
refluxed for 5 hours in a microwave. After cooling, the solvent was removed under vacuum 
and the product was taken up in 50 ml of water. The undesired solid was filtered off and 760 
mg NH4PF6 dissolved in 5 ml of water were added to obtain a red precipitate. The crude was 
filtered off and washed with water several times. After redissolution in dichloromethane, 
Na2SO4 was added to remove the remaining water. The solid was filtered off and the solvent 
was removed under reduced pressure. Purification was achieved via column chromatography 
(silica gel 60 with gradient elution). Using acetonitrile/water (95:5/v:v) (Rf[Ru(tbbpy)2Cl2] = 0.5) 
and later acetonitrile/water/sat. KNO3-solution (50:6:1/v:v:v) (Rfbbip = 0.2) the pure product 
(RfRu(bbip) = 0.8) was obtained after counter ion exchange and drying. Purification could be 
achieved as well via back and forth counter ion exchange with Bu4NCl and NH4PF6. Yield: 
496 mg (337 μmol, 65 %) of the desired pure complex.

1H NMR (400 MHz, CD3CN) δ 9.08 (s, 1H2-ip), 8.85 (dd, J = 8.6, 1.0 Hz, 2H6,9/4,11-ip), 8.50 (d, 
J = 1.9 Hz, 2H3/3’-bpy), 8.46 (d, J = 1.9 Hz, 2H3/3’-bpy), 8.18 (dd, J = 5.3, 1.0 Hz, 2H6,9/4,11-ip), 
7.78 (dd, J = 8.6, 5.4 Hz, 2H5,10-ip), 7.62 (d, J = 6.0 Hz, 2H6/6’-bpy), 7.50 – 7.42 (m, 12H5/5’-

bpy,ph), 7.36 (d, J = 6.0 Hz, 2H6/6’-bpy), 7.21 (dd, J = 6.0, 2.0 Hz, 2H5/5’-bpy), 6.17 (s, 4HCH2), 
1.43 (s, 18HCH3/CH3’-bpy), 1.35 (s, 18HCH3/CH3’-bpy).

13C NMR (101 MHz, CD3CN) δ 163.86, 163.74, 157.75, 157.64, 153.98, 152.26, 151.89, 
148.77, 144.40, 132.52, 131.63, 130.63, 130.46, 128.77, 128.13, 127.64, 125.69, 125.44, 
122.64, 122.59, 121.78, 55.03, 36.35, 36.26, 30.46, 30.39.

ESI-HRMS: m/z calc. for [M-3PF6]3+ ([C63H69N8Ru]3+): 346.48964, found: 346.49008 (1.27 
ppm); m/z calc. for [M-3PF6-C7H7]2+ ([C56H62N8Ru]2+): 474.20719, found: 474.20846 (2.68 
ppm); m/z calc. for [M-3PF6-H]2+ ([C63H68N8Ru]2+): 519.23074, found: 519.23220 (2.81 
ppm).

Elementary analysis: % calc. for [M] ([C63H69F18N8P3Ru]): C: 51.33, H: 4.72, N: 7.60, found: 
C: 51.02, H: 4.57, N: 7.45.

Crystals suitable for X-ray diffraction were obtained from dichloromethane/chloroform.
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[Ru(tbbpy)2(bbip)]Cl3 For the counter ion exchange 425 mg (1.53 mmol) of NBu4Cl were 
dissolved in 20 ml of acetone/ethyl acetate (1:1/v:v). Then a solution of 250 mg (170 μmol) of 
[Ru(bbip)]3+ dissolved in 10 ml of acetone/ethyl acetate (1:1/v:v) was slowly added to the 
stirred chloride salt solution. The resulting suspension was stirred for 30 min. Thereafter, the 
precipitate was filtered off and washed with 10 ml of acetone/ethyl acetate (1:1/v:v) and twice 
with 20 ml of ethyl acetate. After drying under vacuum, 192 mg (99 %) of the desired product 
were obtained.

1H NMR (400 MHz, CD3CN) δ 11.01 (s, 1H2-ip), 8.99 (dd, J = 8.6, 0.9 Hz, 2H6,9/4,11-ip), 8.60 
(d, J = 1.9 Hz, 2H3/3’-bpy), 8.55 (d, J = 1.9 Hz, 2H3/3’-bpy), 8.14 (dd, J = 5.3, 0.8 Hz, 2H6,9/4,11-ip), 
7.78 (dd, J = 8.6, 5.4 Hz, 2H5,10-ip), 7.60 (d, J = 6.0 Hz, 2H6/6’-bpy), 7.54-7.50 (m, 4Hph), 7.45 – 
7.34 (m, 10H5/5’-bpy,6/6’-bpy,ph), 7.22 (dd, J = 6.0, 2.0 Hz, 2H5/5’-bpy), 6.52 (s, 4HCH2), 1.42 (s, 
18HCH3/CH3’-bpy), 1.34 (s, 18HCH3/CH3’-bpy).

13C NMR (101 MHz, CD3CN) δ 163.81, 163.71, 157.83, 157.63, 153.69, 152.50, 151.84, 
148.64, 146.73, 133.64, 132.09, 130.37, 129.94, 128.40, 127.93, 127.65, 125.59, 125.43, 
122.83, 122.74, 121.80, 54.61, 36.37, 36.30, 30.50, 30.46.
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[{(tbbpy)2Ru}(µ-bbip){AgCl}]Cl2 ([Ru(bbip)Ag]2+) 200 mg (175 μmol) of 
[Ru(tbbpy)2(bbip)]Cl3, 40.0 mg (175 μmol) of silver(I)oxide and 2 g of dry molecular sieves 
were suspended in 20 ml of dry dichloromethane under argon atmosphere. This solution was 
stirred for 16 hours at room temperature. After the reaction time, the remaining solids were 
removed by filtration through oven dried celite. The remaining product was washed from the 
celite with dichloromethane or acetonitrile. The pure product was obtained after removal of 
the solvent under reduced pressure. Yield: 197 mg (158 μmol, 90 %) of a red powder 
sensitive to air and moisture.

1H NMR (400 MHz, deaerated CD3CN) δ 8.77 (dd, J = 8.7, 0.9 Hz, 2H6,9/4,11-ip), 8.56 (d, J = 
1.9 Hz, 2H3/3’-bpy), 8.52 (d, J = 1.9 Hz, 2H3/3’-bpy), 8.02 (dd, J = 5.3, 0.9 Hz, 2H6,9/4,11-ip), 7.66 
(dd, J = 8.6, 5.3 Hz, 2H5,10-ip), 7.59 (d, J = 6.1 Hz, 2H6/6’-bpy), 7.42 (dd, J = 6.1, 2.0 Hz, 2H5/5’-

bpy), 7.39 – 7.31 (m, 12H6/6’-bpy,ph), 7.16 (dd, J = 6.0, 2.0 Hz, 2H5/5’-bpy), 6.46 (s, 4HCH2), 1.42 
(s, 18HCH3/CH3’-bpy), 1.34 (s, 18HCH3/CH3’-bpy).

13C NMR (101 MHz, deaerated CD3CN) δ 199.72, 163.63, 163.47, 157.83, 157.63, 152.36, 
152.20, 151.80, 147.50, 136.49, 131.61, 130.09, 129.23, 129.02, 127.28, 127.11, 125.52, 
125.34, 122.86, 122.78, 121.73, 56.25, 55.33, 36.36, 36.27, 30.52, 30.46.

1H NMR (400 MHz, deaerated CDCl3) δ 8.83 (d, J = 8.7 Hz, 2H6,9/4,11-ip), 8.36 (d, J = 1.8 Hz, 
2H3/3’-bpy), 8.30 (d, J = 1.8 Hz, 2H3/3’-bpy), 8.22 (d, J = 5.2 Hz, 2H6,9/4,11-ip), 7.99 (dd, J = 8.6, 
5.3 Hz, 2H5,10-ip), 7.72 (d, J = 6.0 Hz, 2H6/6’-bpy), 7.60 (d, J = 6.0 Hz, 2H6/6’-bpy), 7.54 (dd, J = 
6.1, 1.9 Hz, 2H5/5’-bpy), 7.36 (dd, J = 6.1, 1.9 Hz, 2H5/5’-bpy), 7.28 (m, 10Hph), 6.47 (d, J = 17.2 
Hz, 2HCH2), 6.40 (d, J = 17.0 Hz, 2HCH2), 1.44 (s, 18HCH3/CH3’-bpy), 1.35 (s, 18HCH3/CH3’-bpy).

13C NMR (101 MHz, deaerated CDCl3) δ 196.50, 162.89, 162.73, 156.47, 152.26, 152.10, 
151.85, 151.22, 146.06, 134.23, 131.08, 129.69, 128.77, 128.33, 127.84, 126.19, 125.96, 
120.91, 120.75, 120.53, 56.17, 35.80, 35.70, 30.54, 30.43.

ESI-HRMS: m/z calc. for [M-3Cl]3+ ([C63H68AgN8Ru]3+): 381.78868, found: 381.78815 (-
1.39 ppm); m/z calc. for [M-2Cl-AgCl-C7H7+H]2+ ([C56H62N8Ru]2+): 474.20719, found: 
474.20653 (-1.39 ppm); m/z calc. for [M-2Cl-AgCl]2+ ([C63H68N8Ru]2+): 519.23074, found: 
519.22993 (-1.56 ppm); m/z calc. for [M-2Cl-AgCl+H2O]2+ ([C63H70N8ORu]2+): 528.23602, 
found: 528.23528 (-1.40 ppm); m/z calc. for [M-AgCl+CH3CN+3H]3+ ([C65H74N9RuCl2]3+): 
576.22433, found: 576.22641 3,61 ppm); m/z calc. for [M-2Cl]2+ ([C63H68AgClN8Ru]2+): 
590.16758, found: 590.16651 (-1.81 ppm).

Crystals suitable for X-ray diffraction were obtained under inert conditions from a mixture of 
dichloromethane and chloroform with the slow evaporation method.
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[{(tbbpy)2Ru}(µ-bbip){PdCl2}]Cl2 ([Ru(bbip)Pd]2+) Under argon atmosphere 100 mg (87.3 
μmol) of [Ru(tbbpy)2(μ-bbip)AgCl]Cl2 and 26.7 mg (87.3 μmol) of [Pd(acetonitrile)2Cl2] 
were dissolved in 20 ml of dry dichloromethane and were stirred for 16 hours at room 
temperature. A colorless precipitate was formed after 30 min. After the reaction time the 
solids were removed by filtration through oven dried celite. The remaining product was 
washed from the celite with dichloromethane and acetonitrile. Finally the solvent was 
removed completely under vacuum. The product was obtained as a red powder which 
decomposes under air. Yield: 106 mg (82.9 mmol, 95 %).

1H NMR (400 MHz, deaerated CD3CN) δ 8.81 (dd, J = 8.8, 0.8 Hz, 2H6,9/4,11-ip), 8.68 (d, J = 
1.9 Hz, 2H3/3’-bpy), 8.64 (d, J = 1.8 Hz, 2H3/3’-bpy), 8.10 (dd, J = 5.3, 0.8 Hz, 2H6,9/4,11-ip), 7.70 
(dd, J = 8.9, 5.3 Hz, 2H5,10-ip), 7.66 (d, J = 6.1 Hz, 2H6/6’-bpy), 7.54 (dd, J = 6.1, 2.0 Hz, 2H5/5’-

bpy), 7.50 (dd, J = 7.4 Hz, 4Hph), 7.34 (m, 8H6/6’-bpy,ph), 7.27 (dd, J = 6.1, 2.0 Hz, 2H5/5’-bpy), 
7.14 (d, J = 17.7 Hz, 2HCH2), 6.96 (d, J = 17.6 Hz, 2HCH2), 1.43 (s, 18HCH3/CH3’-bpy), 1.35 (s, 
18HCH3/CH3’-bpy).

ESI-HRMS: m/z calc. for [M-2Cl-PdCl2-C7H7+H]2+ ([C56H62N8Ru]2+): 474.20719, found: 
474.20693 (-0.55 ppm); m/z calc. for [M-2Cl-PdCl2+H2O]2+ ([C63H70N8ORu]2+): 528.23602, 
found: 528.23566 (-0.68 ppm); m/z calc. for [2M-4Cl-PdCl2]4+ ([C126H136Cl2N16PdRu2]4+): 
563,44134, found: 563,44187 (0,94 ppm); m/z calc. for [M-2Cl]2+ ([C63H68Cl2N8PdRu]2+): 
608.15127, found: 608.15122 (-0.08 ppm); m/z calc. for [M-Cl-bbipPdCl2+CH3CN]+ 
([C38H51ClN5Ru]+): 714.28774, found: 714.28790 (0.22 ppm); m/z calc. for [2M-4Cl+H]3+ 
([C126H137Cl4N16Pd2Ru2]3+): 810.87131, found: 810.87047 (-1.04 ppm).
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[{(tbbpy)2Ru}(µ-bbip){Rh(COD)Cl}]Cl2 ([Ru(bbip)Rh]2+) Under argon atmosphere 100 mg 
(87.3 μmol) of [Ru(tbbpy)2(μ-bbip)AgCl]Cl2 and 21.6 mg (43.6 μmol) of [Rh(cod)Cl]2 were 
dissolved in 20 ml of dry dichloromethane and stirred for 16 hours at room temperature. A 
colorless precipitate was formed after 30 min. After the reaction time the solids were removed 
by filtration through oven dried celite. The remaining product was washed from the celite 
with dichloromethane and acetonitrile. Finally the solvent was removed under vacuum and the 
crude product was redissolved in THF. The pure product was precipitated by slow addition of 
diethyl ether. The solid was filtered off and dried under vacuum. Yield: 103 mg (74.2 μmol, 
85 %) of a red powder, sensitive to air and moisture.

1H NMR (400 MHz, deaerated CD3CN) δ 8.61 (ddd, J = 14.7, 8.7, 0.9 Hz, 2H6,9/4,11-ip), 8.52 – 
8.44 (m, 4H3,3’-bpy), 7.98 (ddd, J = 12.1, 5.3, 0.9 Hz, 2H6,9/4,11-ip), 7.59 (d, J = 27.4 Hz, 4H5,10-

ip,6/6’-bpy), 7.45 – 7.14 (m, 17H6/6’-bpy,5,5’-bpy,ph,CH2/CH2’/CH2’’/CH2’’’), 7.08 – 6.97 (m, 
2HCH2/CH2’/CH2’’/CH2’’’,CH2/CH2’/CH2’’/CH2’’’), 6.86 (d, J = 17.0 Hz, 1HCH2/CH2’/CH2’’/CH2’’’), 4.98 (s, 
2HCOD), 4.02 (s, 2HCOD), 3.47 – 3.38 (m, 2HCOD), 2.39 – 1.61 (m, 6HCOD), 1.41 (s, 
9HCH3/CH3’/CH3’’/CH3’’’-bpy), 1.41 (s, 9HCH3/CH3’/CH3’’/CH3’’’-bpy), 1.36 (s, 9HCH3/CH3’/CH3’’/CH3’’’-bpy), 
1.33 (s, 9HCH3/CH3’/CH3’’/CH3’’’-bpy).

ESI-HRMS: m/z calc. for [M-3Cl]3+ ([C71H80N8RhRu]3+): 416.48684, found: 416.48624 (-
1.44 ppm); m/z calc. for [M-2Cl-Rh(COD)Cl-C7H7+H]2+ ([C56H62N8Ru]2+): 474.20719, 
found: 474.20644 (-1.58 ppm); m/z calc. for [M-2Cl-Rh(COD)Cl+H2O]2+ ([C63H70N8ORu]2+): 
528.23602, found: 528.23520 (-1.55 ppm); m/z calc. for [M-2Cl]2+ ([C71H80ClN8RhRu]2+): 
642.21479, found: 642.21396 (-1.29 ppm); m/z calc. for [M-2Cl+Rh(COD)Cl]2+ 
([C79H92Cl2N8Rh2Ru]2+): 765.19887, found: 765.19848 (-0.51 ppm).
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Table S1: Crystal data and refinement details for the X-ray structure determinations
Compound ip bip bbip+ [Ru(ip)]2+ [Ru(bip)]2+ [Ru(bbip)]3+ [Ru(bbip)Ag]2+

formula C15H9F3N4O2 C20H14N4, 1.5 H2O
C27H21N4, Br, 2 

H2O

C49H56N8Ru, 2 F6P, 
0.5 C3H6O, 1.5 

C2H6O, 0.5 H2O

C56H62N8Ru, 2 F6P, 
C2H3N

C63H69N8Ru, 3 F6P, 
5 CHCl3

C63H68AgClN8Ru, 
1.28 C4H8O, 6.53 

CHCl3, 2 Cl

Fw (g∙mol-1) 334.26 337.38 517.42 1256.18 1279.20 2071.08 2123.80
T/°C -90(2) -90(2) -140(2) -90(2) -140(2) -140(2) -123(2)
crystal system monoclinic triclinic triclinic orthorhombic orthorhombic triclinic monoclinic
space group P 21/n P ī P ī P c a 21 P c a 21 P ī C2/c
a/Å 13.6042(8) 11.2481(3) 13.9804(8) 40.0363(6) 38.6452(8) 13.0496(5) 50.774(6)
b/Å 6.9560(6) 12.1858(5) 14.0396(6) 12.1313(3) 11.8866(2) 17.8884(6) 14.405(2)
c/Å 16.6210(12) 12.4532(6) 14.3866(9) 12.4471(3) 12.7938(3) 20.1331(7) 32.847(2)
α/° 90 79.993(2) 65.191(2) 90 90 105.144(2) 90.00
β/° 111.634(4) 86.406(2) 74.784(3) 90 90 101.312(2) 127.021(6)
γ/° 90 85.159(2) 72.977(3) 90 90 101.134(2) 90.00
V/Å3 1462.06(19) 1672.95(11) 2419.0(2) 6045.5(2) 5877.0(2) 4297.7(3) 19181.3
Z 4 4 4 4 4 2 8
ρ (g∙cm-3) 1.519 1.339 1.421 1.380 1.446 1.600 1.471
µ (mm-1) 0.130 0.088 1.731 0.395 0.406 0.789 1.035
measured data 9652 11572 16704 32336 26981 29924 179
data with I > 2σ(I) 2023 5013 6120 10095 8354 12542 14145
unique data (Rint) 3308/0.0508 7621/0.0322 10849/0.0682 13558/0.0512 9804/0.1153 19232/0.0486 19551/0.0727
wR2 (all data, on F2)a) 0.2196 0.1337 0.2818 0.1864 0.1446 0.2124 0.1858
R1 (I > 2σ(I)) a) 0.0759 0.0558 0.0919 0.0645 0.0585 0.1262 0.0929
S b) 1.135 1.010 1.026 1.041 1.047 1.026 1.049
Res. dens./e∙Å-3 0.422/-0.485 0.274/-0.339 1.458/-1.055 1.507/-0.569 0.745/-1.066 2.712/-1.715 2.097/-1.063
Flack-parameter - - - 0.01(4) 0.02(4) - -
absorpt method NONE NONE NONE NONE NONE NONE multi-scan
Tmin; Tmax 0.9635; 0.9948 0.9647; 0.9945 0.9184; 0.9640 0.9505; 0.9844 0.9340; 0.9940 0.9216; 0.9291 0.785; 1.0
CCDC No. 893729 893730 893731 893732 893733 765499 796734

a) Definition of the R indices: R1 = (Fo-Fc)/Fo;
wR2 = {[w(Fo

2-Fc
2)2]/[w(Fo

2)2]}1/2 with w-1 = σ2(Fo
2) + (aP)2+bP; P = [2Fc

2 + Max(FO
2]/3;

b) S = {[w(Fo
2-Fc

2)2]/(No-Np)}1/2
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Additional Data

NMR H/D-exchange (hydrogen/deuterium-exchange) experiment of bbip+ and 

[Ru(bbip)]3+. For the H/D-exchange experiment 10 mg of dry bbip+ were taken up in 0.5 ml 
methanol-d4. NMR spectra were taken over the period of 2 days and disappearance of the 
characteristic singlet for the imidazolium hydrogen (δbbipH2 = 9.66 ppm) was monitored for 
the calculation of the rate constant (Figure S1). The H/D-exchange of this proton follows first 
order kinetics (kH/D = 2.36*10-5 s-1, t½ = 490 min). For the complex [Ru(bbip)]3+ the 
equilibrium in methanol-d4 was reached already after five minutes, being too fast for NMR-
investigations.

Figure S2: Decay of the 1H-NMR signal of the protons in 2-position of bbip+ over a 
period of more than 2.5 days.
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Figure S3: Calculated and measured isotopic patterns of most prominent peaks in the 
ESI-MS of [Ru(bbip)Ag]2+.
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Figure S4: Cyclic voltammogram of [Ru(bbip)]3+ (top) and [Ru(bbip)Ag]2+ (middle) 
and [Ru(bbip)Ag]2+, performed only in the positive potential window, (bottom) 
recorded in deaerated acetonitrile. The internal standard ferrocene/ferrocenium (Fc/Fc+ 
= 0.00 V) and the supporting electrolyte tetrabutylammonium hexaflourophosphate 
(TBAPF6 = 0.1 M) were used. Therefore, the redox potential E(Fc/Fc+) was shifted from 
0.40 V versus SCE as measured in the CV-set up to 0.00 V.
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Figure S5: Differential absorption spectra after applying a potential of 1.0 V to depict 
oxidised [Ru(bbip)]3+ in deaerated acetonitrile. The internal standard ferrocene/ferrocenium 
(Fc/Fc+ = 0.00 V) and the supporting electrolyte tetrabutylammonium hexaflourophosphate 
(TBAPF6 = 0.1 M) were used.
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Figure S6: Differential absorption spectra after applying a potential of -1.6 V to depict 
reduced [Ru(bbip)]3+ in deaerated acetonitrile. The internal standard ferrocene/ferrocenium 
(Fc/Fc+ = 0.00 V) and the supporting electrolyte tetrabutylammonium hexaflourophosphate 
(TBAPF6 = 0.1 M) were used.
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Figure S7: Time resolved emission spectra (λex = 403 nm) of [Ru(bbip)]3+ (black), 
[Ru(bbip)Ag]2+ (orange), [Ru(bbip)Pd]2+ (blue), and [Ru(bbip)Rh]2+ (pink) at λem = 
650 nm in deaerated acetonitrile.
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Figure S8: Time absorption profile of [Ru(bbip)]3+ at 560 nm, monitoring the 
intersystem crossing of the 1MLCT state into the 3MLCT state.
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Figure S9a: Differential absorption spectrum obtained upon femtosecond flash photolysis (λex 
= 480 nm) of [Ru(bbip)Pd]2+ in deaerated acetonitrile with a time delay of 1 ps.
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Figure S9b: Time absorption profile of [Ru(bbip)Pd]2+ at 560 nm, monitoring the intersystem 
crossing of the 1MLCT state into the 3MLCT state.
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Figure S10a: Differential absorption spectra (visible) obtained upon nanosecond flash 
photolysis (λex = 532 nm) of [Ru(bbip)Pd]2+ in deaerated acetonitrile with time delays of 0.1 
µs (black), 0.3 µs (red), 0.5 µs (blue), and 1.0 µs (green).
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Figure S10b: Time absorption profile of [Ru(bbip)Pd]2+ at 680 nm in deaerated acetonitrile 
leading to a lifetime of 1000 ns.
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Figure S11: Emission spectra of [Ru(bbip)]3+ (c = 1.1 · 10-5 M) with different concentrations 
of TEA in deaerated acetonitrile at room temperature (λ ex = 450 nm).
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Figure S12a: Differential absorption spectra (visible) obtained upon nanosecond flash 
photolysis (λex = 532 nm) of [Ru(bbip)]3+ with an excess of TEA in deaerated acetonitrile 
with time delays of 0.5 µs (black), 1.0 µs (red), 2.0 µs (blue), and 8.0 µs (green).
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Figure S12b: Time absorption profile of [Ru(bbip)]3+ at 500 nm with an excess of TEA in 
deaerated acetonitrile leading to a lifetime of 3.3 ms.
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Table S2: UV/vis absorption and emission data of [Ru(bbip)]3+, [Ru(bbip)Ag]2+, 
[Ru(bbip)Pd]2+, [Ru(bbip)Rh]2+ and [Ru(bpy)3]

2+ measured in deaerated dichloromethane 
at room temperature.

Complex λmax, abs [nm] λshoulder, abs [nm] λmax, em [nm]

[Ru(bbip)]3+ 442 472 655

[Ru(bbip)Ag]2+ 449 476 625

[Ru(bbip)Pd]2+ 471 436 620

[Ru(bbip)Rh]2+ 472 438 620

[Ru(bpy)3]
2+ 452 424 593
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Table S3a: Excited state lifetimes of [Ru(bbip)]3+, [Ru(bbip)Ag]2+, [Ru(bbip)Pd]2+ and 
[Ru(bbip)Rh]2+ measured in deaerated acetonitrile at room temperature.

Complex
τ1

[ns]

τ2

[ns]

τ3

[ns]

rel. Ampl. 

[%]

rel. Ampl. 

[%]

rel. Ampl. 

[%]

[Ru(bbip)]3+ 930 2142 - 70 30 -

[Ru(bbip)]3+ 

+TEA
890 2340 - 32 68 -

[Ru(bbip)Ag]2+ 1447 2309 - 60 40 -

[Ru(bbip)Pd]2+ 1096 717 - 70 30 -

[Ru(bbip)Pd]2+ 

+TEA
1769 1271 - 26 74 -

[Ru(bbip)Rh]2+ 220 2103 388 50 30 20
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Table S3b: Excited state lifetimes of [Ru(bbip)]3+, [Ru(bbip)Ag]2+, [Ru(bbip)Pd]2+ and 
[Ru(bbip)Rh]2+ measured in acetonitrile at room temperature.

Complex
τ1

[ns]

τ2

[ns]

τ3

[ns]

rel. Ampl. 

[%]

rel. Ampl. 

[%]

rel. Ampl. 

[%]

[Ru(bbip)]3+ 193 - - 100 - -

[Ru(bbip)Ag]2+ 184 - - 100 - -

[Ru(bbip)Pd]2+ 153 82 - 90 10 -

[Ru(bbip)Rh]2+ 144 82 - 73 27 -



31

Table S3c: Excited state lifetimes of [Ru(bbip)]3+, [Ru(bbip)Ag]2+, [Ru(bbip)Pd]2+ and 
[Ru(bbip)Rh]2+ measured in deaerated dichloromethane at room temperature.

Complex
τ1

[ns]

τ2

[ns]

τ3

[ns]

rel. Ampl. 

[%]

rel. Ampl. 

[%]

rel. Ampl. 

[%]

[Ru(bbip)]3+ 1312 - - 100 - -

[Ru(bbip)Ag]2+ 1396 - - 100 - -

[Ru(bbip)Pd]2+ 1399 622 - 90 10 -

[Ru(bbip)Rh]2+ 902 362 - 52 48 -
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Table S3d: Excited state lifetimes of [Ru(bbip)]3+, [Ru(bbip)Ag]2+, [Ru(bbip)Pd]2+ and 
[Ru(bbip)Rh]2+ measured in dichloromethane at room temperature.

Complex
τ1

[ns]

τ2

[ns]

τ3

[ns]

rel. Ampl. 

[%]

rel. Ampl. 

[%]

rel. Ampl. 

[%]

[Ru(bbip)]3+ 548 - - 100 - -

[Ru(bbip)Ag]2+ 393 - - 100 - -

[Ru(bbip)Pd]2+ 422 167 - 92 8 -

[Ru(bbip)Rh]2+ 250 118 - 87 13 -
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Figure S13: Particle growing measured by DLS of the catalytic solution of [Ru(bbip)Ag]2+.
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“Trojan Horse” Effect in Photocatalysis–How Anionic Silver
Impurities Influence Apparent Catalytic Activity

Simon Kaufhold, Lydia Petermann, Dieter Sorsche, and Sven Rau*[a]

Abstract: The problematic consequences of using silver

carbene precursors for the synthesis of NHC-complexes is

elucidated with the example of dinuclear Ru–Rh/Ir photo-

catalysts. The presence of silver in the products is proven

and an alternative silver-free synthetic approach success-

fully implemented. A significant difference in performance

in photocatalytic hydrogen evolution reactions of catalysts

generated by the different strategies is observed.

Carbenes have become an extensively used group of ligands

due to their ability to form stable complexes with various tran-

sition metals even in their different oxidation states.[1,2] The use

of Ag2O to form silver carbene species followed by transmetal-

lation is a common method to generate transition-metal com-

plexes bearing NHC-ligands (N-heterocyclic carbenes). This

strategy tolerates many functional groups, works well under

benign conditions and transmetallation opens a wide variety

of possible coordination centres.[3, 4] Complexes generated in

this way have been used as (photo)catalysts,[5, 6] luminescent

units[7, 8] or in biological applications.[9] However the use of

silver compounds in combination with halides can lead to

halido argentates either in smaller, soluble form or in larger

aggregates.[3, 4, 10, 11] Upon transmetallation the silver halide

should precipitate but it is quite plausible that removal of

silver species will be incomplete if silver is present in the

counterion. This might be problematic for the further applica-

tion of the generated compounds as silver species are known

to undergo reactions with light,[12] act as (heterogeneous) cata-

lysts,[13] or show biological activity.[9, 14] Herein we report on the

influence of silver impurities on photocatalytic water reduction

by dinuclear Ru–Rh/Ir NHC-complexes (Figure 1). This example

should be seen as an attempt to stress the possible impact of

silver impurities, which is hardly addressed in any of the

mentioned fields.

Recently we reported the synthesis and characterisation of

heterodinuclear complexes and their application as light-driven

water reduction catalysts. Within the proceeding extensive

synthetic work we could only successfully synthesise these

complexes using the transmetallation process.[5] The silver car-

bene complex RubbipAg, [(tbbpy)2Ru(m-bbip)AgCl]Cl2 (tbbpy=

4,4’-di-tert-butyl-2,2’-bipyridine, bbip=1,3-dibenzyl-1H-imida-

zo[4,5-f][1,10]phenanthrolin-2-ylidene), and the rhodium-con-

taining complex RubbipRh, [(tbbpy)2Ru(m-bbip)RhCl(cod)]Cl2
(cod=1,5-cyclooctadiene), showed catalytic activity even

though their catalytic centres are poorly stabilised by their

ligand environment. For RubbipAg the formation of colloids

during irradiation in the catalysis experiments was verified by

DLS (dynamic light scattering) measurements. For RubbipRh

these measurements were not carried out, however, the non-

linear kinetics of the catalysis indicates that RubbipRh itself is

not the catalytically active species and accordingly, change or

decomposition of the molecular structure during catalysis is

possible.

During these investigations we realised that the silver

carbene precursors for transmetallation RubbipAg and

RummipAg tend to form silver halide aggregates. X-ray struc-

tures revealed the formation of different silver chlorido species,

both carbene-bound and as counter-ions (compare Figure 2

and Supporting Information Figure S3–14). In comparison with

a previously found structure of RubbipAg in which only one

chlorido ligand is coordinated to the carbene-bound silver

atom, the NHC–Ag and Ag–Cl bonds are slightly elongated

(2.12(1) versus 2.080(6) a and 2.543(3)/2.494(5) versus

2.3214(1) a).[5]

Ideally the silver contained in the carbene precursor precipi-

tates as AgCl during transmetallation and can then be

removed from the product by filtration. It is quite plausible,

however, that the precipitation will not be quantitative if silver

is present in the counter-ion of the complex and will therefore

remain as an impurity in the compound as reported earlier.[3]

And indeed, the presence of silver species in RubbipRh

synthesised via the transmetallation route (RubbipRh(Ag) in

Figure 1. Investigated RuRRipM complexes.
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the following) could be verified by negative ion mode ESI-MS

(electrospray ionisation mass spectrometry) and SEM-EDX

(energy-dispersive X-ray spectroscopy performed on a scanning

electron microscope) measurements of the compound (see

Figures S3-3 and S3-8 in the Supporting Information).

To avoid further effort in the purification of the compound

we sought for alternative synthetic strategies, trying to elimi-

nate the use of silver altogether. Chung and co-workers

reported on the synthesis of dinuclear systems containing RRip

by in situ deprotonation.[15,16]

Elegantly Terkmen et al. synthesised rhodium and iridium

complexes with NHC ligands similar to RRip from the azolium

halide and [M(cod)(OMe)]2 (M=Rh, Ir).[17] Herein, the metal

precursor contains methoxide as a base that deprotonates the

azolium halide in situ and then enables formation of the NHC

complex in one step. We adopted this method for our com-

plexes and were able to synthesise the desired complexes

under mild conditions. This synthetic method could be applied

for all four complexes RuRRipM (R=Bn, Me; M=Rh, Ir). No

presence of silver species was found in ESI-MS and SEM-EDX

measurements (compare Figures S3-3 and S3-9 in the Support-

ing Information). The compounds were characterised by 1H-

and 13C NMR, high resolution ESI-MS and are in line with previ-

ously reported findings (see Supporting Information Chap-

ter S2).[5] In the case of RubbipIr(Ag-free), a structural motif

could be generated by X-ray crystallographic analysis (see

Figure 3). The iridium atom lies in a distorted square planar

coordination environment fixed by the coordination to the

olefinic cod bonds, chloride and the NHC carbon. The length

of the NHC-iridium bond (2.022(7) a) is in the range of similar

complexes with benzimidazole based NHCs (2.020(4)–

2.035(6) a).[18,19] Bond lengths of iridium bound cod carbons

(Ir1A-C1A/C2A=2.30(1)/2.22(1) a and Ir1A@C5A/C6A=2.14(1)/

2.19(1) a) show a slight trans-influence from the stronger s-

donating NHC ligand and are somewhat longer compared to

literature findings.[18,19] However, data quality does not allow

a distinct comparison.

All presented RuRRipM compounds show very similar

absorption and emission spectra (see Figures S3-1 and S3-2 in

the Supporting Information) with a MLCT (metal-to-ligand

charge-transfer) band from about 420 to 490 nm and emission

maxima at around 630 nm rendering them feasible complexes

for photocatalytic application. In order to characterise the

effects of silver impurities on the photocatalytic activity we

synthesised the rhodium complexes RubbipRh and RummipRh

both, from the silver carbene precursor and via the silver-free

approach.

RubbipRh(Ag) and RubbipRh(Ag-free) show a striking

difference in catalytic performance under the used conditions

(c(catalyst)=244 mm, MeCN/TEA/H2O=6:3:1, l=470 nm). The

Ag-free compound displays a low TON (turnover number=

n(H2)/n(cat)) and TOF (turnover frequency=TON/time).

The catalytic activity is constant for about 30 h with a TOF

of 0.1 h@1 before it levels off after 50 h reaching a maximum

TON of 5 (see Figure 4). In contrast, the complex synthesised

from the silver carbene precursor reaches a drastically higher

TON of 105 within less than 5 h, with a TOF of 42 h@1 in the

first 1.5 h.

In both cases the catalysis mixture darkens after several

minutes of irradiation. In the case of RubbipRh(Ag) however,

formation of a dark precipitate was visible after a few hours,

whereas for RubbipRh(Ag-free) only small amounts of

precipitate became visible after several days of irradiation. DLS

measurements confirmed formation of particles for RubbipR-

h(Ag) within hours whereas no clear conclusion could be

drawn from the data of RubbipRh(Ag-free) after 24 h (see Fig-

ures S3,4 and S3,5 in the Supporting Information). This is in

line with the findings of SEM-EDX measurements that were

carried out according to a recently published procedure.[20] In

the case of RubbipRh(Ag) a significant amount of precipitate

was visible on the membrane of a 0.45 mm PTFE syringe filter

and strong signals for Ag and Rh in EDX were present. For

RubbipRh(Ag-free) no noteworthy precipitate could be seen

on the membrane in SEM experiments and only traces of Rh

were found in EDX (compare Figures S3-10 to S3-13 in the

Supporting Information). Catalytic activity of RubbipRh(Ag)

levels off after several hours as metal aggregates precipitate

from the solution. To further verify that the influence on the

Figure 2. Crystal structure of RubbipAg with dicloro argentate as counterion

and NHC bound. Solvent molecules and hydrogen atoms are omitted for

clarity, ellipsoids drawn at 50% probability level.

Figure 3. Structural motive of RubbipIr(Ag-free). Counter ions, solvent mole-

cules and hydrogen atoms are omitted. Ellipsoids drawn at 50% probability

level.
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TON stems from silver halide impurities addition of one equiva-

lent AgCl to a catalysis mixture with RubbipRh(Ag-free) lead

to a 2.5-fold increase of the TON after 24 h under similar condi-

tions. An explanation for the smaller influence on catalysis by

AgCl is the low solubility of AgCl in comparison to charged

chlorido argentate species and thus formation of silver colloids

is hindered from this source. Catalysis experiments were also

carried out for RummipRh(Ag) and RummipRh(Ag-free) in

which the effect of silver impurities is visible as well, albeit less

pronounced (TON 11 vs. 5 after 50 h). Again, DLS measure-

ments revealed formation of particles within hours for Rum-

mipRh(Ag). In the case of RummipRh(Ag-free) no clear results

can be drawn within the first 5 h, however, after prolonged

irradiation of 73 h particles could be detected in this case as

well, which is in line with the naked-eye observation for long

catalysis runs. Catalysis results for all complexes are summar-

ised in Table 1. Interestingly the reported TON of RubbipAg

itself is quite low as well.[5]

From these findings we conclude that the presence of silver

impurities must be considered for complexes synthesised via

transmetallation of silver carbene complexes. This possibly also

applies if silver salts are used to simply remove halide ligands

in synthesis.[21,22] Silver impurities can have a substantial influ-

ence on the catalytic performance. Possible reasons could be

the catalytic activity of silver halide clusters or the formation of

silver colloids from silver halide species by photochemical

reduction either by the photocatalyst itself or by the photo-

graphic effect.[12] In our case, a formation of a mixed metal spe-

cies is not unlikely as similar catalytic systems containing either

just silver (RubbipAg) or rhodium (RubbipRh(Ag-free)) show

much lower catalytic activity.[5] Generally, great care should be

taken not only when interpreting catalysis data, but possibly

also other properties such as optical or biological behaviour as

the influence of silver impurities can be quite severe. We also

presented a synthetic strategy that completely avoids the use

of silver and even saves one reaction step compared to the

transmetallation pathway.

Acknowledgements

Dr. Markus Wunderlin, Dr. Peter Reuter and Susanne Sihler

(Ulm University) are acknowledged for support with HR-MS,

SEM-EDX and DLS measurements. Maximilian Derr (FAU Erlan-

gen–Nernberg) is gratefully acknowledged for support with

HR-MS. Financial support by Carl Zeiss Stiftung (D.S.), Graduier-

tenkolleg–Research Training Group (GRK 1626) (L.P.) and COST

Action CM1202 Perspect-H2O is greatfully acknowledged.

Keywords: impurities · N-heterocyclic carbenes ·

photocatalysis · silver · water splitting

[1] G. C. Fortman, S. P. Nolan, Chem. Soc. Rev. 2011, 40, 5151.

[2] S. Kaufhold, L. Petermann, R. Staehle, S. Rau, Coord. Chem. Rev. 2015,

304–305, 73–87.

[3] I. J. B. Lin, C. S. Vasam, Coord. Chem. Rev. 2007, 251, 642–670.

[4] J. C. Garrison, W. J. Youngs, Chem. Rev. 2005, 105, 3978–4008.

[5] K. Peuntinger, T. D. Pilz, R. Staehle, M. Schaub, S. Kaufhold, L. Peter-

mann, M. Wunderlin, H. Gçrls, F. W. Heinemann, J. Li, Dalton Trans.

2014, 43, 13683–13695.

[6] V. S. Thoi, N. Kornienko, C. G. Margarit, P. Yang, C. J. Chang, J. Am. Chem.

Soc. 2013, 135, 14413–14424.

[7] X. Zhang, B. Cao, E. J. Valente, T. K. Hollis, Organometallics 2013, 32,

752–761.

[8] P. Kos, H. Plenio, Chem. Eur. J. 2015, 21, 1088–1095.

[9] W. Liu, R. Gust, Coord. Chem. Rev. 2016, 329, 191–213.

[10] X. Hu, Y. Tang, P. Gantzel, K. Meyer, Organometallics 2003, 22, 612–614.

[11] T. Yu, P. Hao, J. Shen, H. Li, Y. Fu, Dalton Trans. 2016, 45, 16505–16510.

[12] T. K. Foreman, C. Giannotti, D. G. Whitten, J. Am. Chem. Soc. 1980, 102,

1170–1171.

[13] C. Tan, V. Newberry, T. R. Webb, C. A. McAuliffe, J. Chem. Soc. Dalton

Trans. 1987, 1299–1303.

[14] R. Kolli, E. Kaivosoja, K. Levon, Electroanalysis 2015, 27, 1636–1641.

[15] H.-J. Park, Y. K. Chung, Inorg. Chim. Acta 2012, 391, 105–113.

Figure 4. Catalytic performance of RubbipRh obtained via silver carbene

complex (upper) and Ag-free synthesis route (lower). Graphs show average

over three runs, standard deviation shown as error bars. Catalytic conditions:

Ar atmosphere, MeCN/NEt3/H2O 6:3:1, c(RubbipRh)=244 mm, 2 LED arrays

of 48:3 mWcm@2 and l=470 (+ /@20) nm.

Table 1. Catalysis results for the investigated series of RuRRipM com-

plexes.

Compound Maximum TON Time [h]

RubbipAg[a] 4 5

RubbipRh(Ag-free) 5 70

RubbipRh(Ag) 105 5

RubbipIr(Ag-free) 5 315

RummipRh(Ag-free) 5 50

RummipRh(Ag) 11 50

RummipIr(Ag-free) 16 10

[a] Taken from reference [5].

Chem. Eur. J. 2017, 23, 2271 – 2274 www.chemeurj.org T 2017 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim2273

Communication

http://dx.doi.org/10.1039/c1cs15088j
http://dx.doi.org/10.1016/j.ccr.2014.12.004
http://dx.doi.org/10.1016/j.ccr.2014.12.004
http://dx.doi.org/10.1016/j.ccr.2014.12.004
http://dx.doi.org/10.1016/j.ccr.2014.12.004
http://dx.doi.org/10.1016/j.ccr.2014.12.004
http://dx.doi.org/10.1016/j.ccr.2014.12.004
http://dx.doi.org/10.1016/j.ccr.2006.09.004
http://dx.doi.org/10.1016/j.ccr.2006.09.004
http://dx.doi.org/10.1016/j.ccr.2006.09.004
http://dx.doi.org/10.1021/cr050004s
http://dx.doi.org/10.1021/cr050004s
http://dx.doi.org/10.1021/cr050004s
http://dx.doi.org/10.1039/C4DT01546K
http://dx.doi.org/10.1039/C4DT01546K
http://dx.doi.org/10.1039/C4DT01546K
http://dx.doi.org/10.1039/C4DT01546K
http://dx.doi.org/10.1021/ja4074003
http://dx.doi.org/10.1021/ja4074003
http://dx.doi.org/10.1021/ja4074003
http://dx.doi.org/10.1021/ja4074003
http://dx.doi.org/10.1021/om300330y
http://dx.doi.org/10.1021/om300330y
http://dx.doi.org/10.1021/om300330y
http://dx.doi.org/10.1021/om300330y
http://dx.doi.org/10.1002/chem.201405316
http://dx.doi.org/10.1002/chem.201405316
http://dx.doi.org/10.1002/chem.201405316
http://dx.doi.org/10.1016/j.ccr.2016.09.004
http://dx.doi.org/10.1016/j.ccr.2016.09.004
http://dx.doi.org/10.1016/j.ccr.2016.09.004
http://dx.doi.org/10.1021/om020935j
http://dx.doi.org/10.1021/om020935j
http://dx.doi.org/10.1021/om020935j
http://dx.doi.org/10.1039/C6DT03105F
http://dx.doi.org/10.1039/C6DT03105F
http://dx.doi.org/10.1039/C6DT03105F
http://dx.doi.org/10.1021/ja00523a047
http://dx.doi.org/10.1021/ja00523a047
http://dx.doi.org/10.1021/ja00523a047
http://dx.doi.org/10.1021/ja00523a047
http://dx.doi.org/10.1039/DT9870001299
http://dx.doi.org/10.1039/DT9870001299
http://dx.doi.org/10.1039/DT9870001299
http://dx.doi.org/10.1039/DT9870001299
http://dx.doi.org/10.1002/elan.201400710
http://dx.doi.org/10.1002/elan.201400710
http://dx.doi.org/10.1002/elan.201400710
http://dx.doi.org/10.1016/j.ica.2012.04.038
http://dx.doi.org/10.1016/j.ica.2012.04.038
http://dx.doi.org/10.1016/j.ica.2012.04.038
http://www.chemeurj.org


[16] H.-J. Park, K. Kim, Y. K. Chung, Inorg. Chim. Acta 2014, 410, 214–220.

[17] H. Terkmen, T. Pape, F. E. Hahn, B. Çetinkaya, Eur. J. Inorg. Chem. 2008,
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S1. Instrumentation 

General remarks 

All reaction and further work-up procedures were carried out under an atmosphere of argon in a MBraun UniLab 
glovebox or under standard Schlenk techniques unless otherwise stated. Solvents were HPLC grade solvents purified by a 
MBraun SPS 800 solvent purification system. All other reagents were commercially available from Merck, Sigma 
Aldrich, ABCR or Roth and used without further purification. 

Photocatalytic hydrogen evolution experiments 

Experiments were carried out in 21 mL Schlenk-tubes capped with rubber septa and placed in selfmade and air-cooled 
photomicroreactors under constant irradiation from two LED arrays (  = 470 nm; 48.1 ± 3.0 mW ∙ cm-2) per sample. 

The gas phase above the solution was probed by inserting a gas-tight GC syringe through the septum, taking a volume of 
200 L of the gas phase and analyzing the amount of hydrogen in the gas phase using GC. The GC was calibrated by 
mixing different volumes of pure hydrogen together with argon into a Schlenk-vessel.[1] The obtained signal was plotted 
against the calibration curve and multiplied accordingly to receive the total produced hydrogen content in the headspace. 

Hydrogen was measured by headspace GC on a Bruker Scion GC/MS, with a thermal conductivity detector 15 (column: 
Mol. Sieve 5A 75 m × 0.53 mm I.D., oven temp. 70 °C, flow rate 25.0 ml min-1 , detector temp. 200 °C) with argon as 
carrier gas. 

Analytical methods and instrumentation 

UV/Vis spectroscopy 

UV-Vis spectroscopy was performed on a JASCO V-670 UV-VIS-NIR Spectrophotometer with gas-tight quartz glass 
cuvettes (d = 10.0 mm, Hellma). 

Emission spectroscopy 

Emission spectroscopy was performed on a JASCO FP-8500 Fluorescence Spectrometer with gas-tight quartz glass 
cuvettes (d = 10.0 mm, Hellma). 

NMR spectroscopy 

The NMR spectra were recorded on a Bruker AVANCE 400 at ambient temperature. All spectra were referenced to 
deuterated solvent as an internal standard. Chemical shift values (δ) are given in parts per million (ppm) using residual 
solvent protons (δH = 5.32ppm and δC = 54.0 ppm for CD2Cl2, δH = 1.94 and δC = 118.26 for acetonitrile-d3) as the internal 
standard. 

ESI Mass spectrometry (ESI-MS) 

High-resolution mass spectrometry (HRMS) was performed at Ulm University using a Fourier Transform Ion Cyclotron 
Resonance (FT-ICR) mass spectrometer solariX (Bruker Daltonik) equipped with a 7.0 T superconducting magnet and 
interfaced to an Apollo II Dual ESI/MALDI source.  Alternatively HRMS and negative ion mode measurements were 
performed at FAU Erlangen-Nürnberg on a ESI-quadrupole time-of-flight (qToF) mass spectrometer maXis plus (Bruker 
Daltonik). In all measurements acetonitrile was used as a solvent. 

Dynamic light scattering 

Measurements were made on a Nano-Zetasizer (Malvern Instruments) at 23 ºC; with a scattering angle of 173º and a 
wavelength of  = 633 nm from undiluted catalytic mixtures after a given time. 
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SEM-EDX 

SEM was performed on a Zeiss DSM 962 electron microscope in combination with an EDAX EDS unit for energy 
dispersive X-Ray spectroscopy. The samples were mounted on carbon tabs and sputtered with carbon before the 
measurement. SEM and EDX studies were performed at an acceleration voltage of 20 kV. 

X-ray diffraction 

Single crystal X-ray crystallography was perfomed on a SuperNova (Dual Source) diffractometer, equipped with an 
ATLAS detector, from Agilent Technologies, using either graphite-monochromated Cu-Kα or Mo-Kα radiation. X-ray 
suitable crystals were mounted using a MicroLoop and Fomblin oil. X-ray diffraction intensity data were measured at 150 
K. The data were corrected for Lorentz and polarization effects. Absorption correction was performed using spherical 
harmonics, implemented in SCALE3 ABSPACK scaling algorithm according to the CrysAlisPro, Oxford Diffraction Ltd., 
Version 1.171.33.66 routine. The structures were solved by direct methods (SHELXS) and refined by full-matrix least 
squares techniques against F0

2 (SHELXL 2013).[2] Hydrogen atoms were included at calculated positions with fixed 
thermal parameters. All non-hydrogen atoms were refined anisotropically. Where necessary, the Platon SQUEEZE routine 
was applied in order to remove electron reflections corresponding to heavily disordered solvent molecules.[3,4] 

Crystallographic data (excluding structure factors) has been deposited with the Cambridge Crystallographic Data Centre 
as supplementary publication. Copies of the data can be obtained free of charge on application to CCDC, 12 Union Road, 
Cambridge CB2 1EZ, UK [E- mail: deposit@ccdc.cam.ac.uk].  

mailto:deposit@ccdc.cam.ac.uk
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S2. Synthesis and characterization of dinuclear compounds 
 

Rubbip-Cl, RubbipAg, RubbipRh(Ag), RummipRh(Ag) and [Rh(cod)(OMe)]2 were prepared according to or in analogy to 
previously published methods.[5,6] 

Rummip-Cl – [(tbbpy)2Ru(mmip)]Cl3 

 

Rummip-Cl was prepared in analogy to Rubbip-Cl as reported earlier.[5] 
1
H NMR (400 MHz, CD3CN) δ = 10.λ8 (s, 1H2-ip), 9.29 (dd, J = 8.6, 1.0 Hz, 2H4,11-ip), 8.65 (d, J = 1.9 Hz, 2H3/3’-bpy), 8.61 

(d, J = 1.9 Hz, 2H3/3’-bpy), 8.23 (dd, J = 5.3, 1.0 Hz, 2H6,9-ip), 7.97 (dd, J = 8.6, 5.3 Hz, 2H5,10-ip), 7.66 (d, J = 6.0 Hz, 2H6/6’-

bpy), 7.53 – 7.42 (m, 2H6/6’, 2H5/5’-bpy), 7.27 (dd, J = 6.1, 2.0 Hz, 2H5/5’-bpy), 4.71 (s, 6H CH3), 1.45 (s, 18HCH3/CH3’-bpy), 1.35 (s, 
18HCH3/CH3’-bpy) ppm. 
13

C NMR (101 MHz, CD3CN) δ = 163.71, 163.5λ, 157.7λ, 157.5λ, 153.47, 152.33, 151.81, 148.16, 146.24, 131.λ3, 
127.75, 127.52, 125.52, 125.43, 122.77, 122.69, 122.24, 38.96, 36.30, 36.22, 30.44, 30.37 ppm. 

HRMS (ESI) m/z calc. for  C51H61N8Ru [M-3Cl]3+ = 295.80154, found = 295.80237. 
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RubbipRh(Ag-free) - [{(tbbpy)2Ru}(μ-bbip){RhCl(cod)}]Cl2 

 

Rubbip-Cl (100.0 mg, 0.087 mmol, 1 eq.) and [Rh(cod)(OMe)]2 (21.1 mg, 0.044 mmol, 0.5 eq.) were dissolved in CH2Cl2 
(12.5 mL) and stirred overnight at room temperature (glovebox = 18 °C) before complete removal of the solvent in vacuo. 
Purification was achieved by recrystallization by slow evaporation of a mixture of THF (3 mL) and a small amount of 
CH2Cl2 (to increase solubility). The product was obtained as a red microcrystalline solid. Yield: 64.0 mg, 0.047 mmol, 
50 %. Yield can be improved by repeating fractionating crystallisation steps. 
1
H NMR (400 MHz, CD2Cl2) δ = 8.76 (d, J = 8.5 Hz, 1H4/11-ip), 8.69 (d, J = 8.3 Hz, 1H4/11-ip), 8.47 (ddd, J = 23.6, 20.3, 

1.7 Hz, 4H3,3’-bpy), 8.16 (d, J = 4.9 Hz, 1H6/9-ip), 8.05 (d, J = 5.2 Hz, 1H6/9-ip), 7.85 (dd, J = 8.6, 5.3 Hz, 1H5/10-ip), 7.80 (dd, 
J = 8.7, 5.3 Hz, 1H5/10-ip), 7.70 (d, J = 6.0 Hz, 1H6/6‘bpy), 7.66 (d, J = 5.9 Hz, 1H5/5‘bpy), 7.63 (d, J = 6.1 Hz, 1H6/6‘bpy), 7.50 – 
7.47 (m, 5H5/5’bpy, 6/6’bpy, Ph), 7.40 – 7.27 (m, 9HPh, CH2), 7.22 – 7.12 (m, 3H6/6’bpy, 5/5’bpy, CH2), 6.94 (d, J = 17.0 Hz, 1HCH2), 
6.73 (d, J = 17.2 Hz, 1HCH2), 5.18 – 5.02 (m, 2Hcod), 3.43 (dt, J = 26.3, 7.3 Hz, 2Hcod), 2.39 – 2.25 (m, 2Hcod), 2.23 – 2.11 
(m, 1Hcod), 2.08 – 1.87 (m, 3Hcod), 1.86 – 1.73 (m, 2Hcod), 1.44 (d, J = 3.7 Hz, 18HCH3/CH3’-bpy), 1.36 (d, J = 15.7 Hz, 
18HCH3/CH3’-bpy) ppm. 
13

C NMR (101 MHz, CD2Cl2) δ = 163.12, 163.10, 162.98, 162.95, 156.75, 156.73, 156.67, 156.56, 151.40, 151.16, 
150.90, 150.62, 150.58, 150.34, 145.33, 145.12, 137.95, 135.53, 135.39, 131.08, 130.92, 129.23, 129.16, 128.95, 128.66, 
128.57, 128.14, 128.09, 128.07, 126.94, 126.62, 126.49, 126.19, 125.22, 125.13, 124.93, 121.87, 121.82, 121.74, 119.97, 
119.86, 100.89, 70.40, 55.35, 35.69, 35.63, 35.59, 32.55, 32.53, 30.16, 30.11, 30.04, 28.63, 28.56, 21.13 ppm. 

HRMS (ESI) m/z calc. for C65H75N8RhRu3+ [M-3Cl]3+ = 416.48689 found = 416.48558; m/z calc. for C65H75N8Ru2+ [M-
2Cl-RhCl(cod)-CH2Ph+H]2+ = 474.20704, found = 474.20646; m/z calc. for C63H70N8ORu2+ [M-2Cl-RhCl(cod)+H2O)]2+ 
= 528.23587, found = 528.23584; m/z calc. for C65H75N8ClRhRu2+ [M-2Cl]2+ = 642.21470, found = 642.21509; m/z calc. 
for C65H75N8Cl2RhRu+ [M-Cl]+ = 1319.39891, found = 1319.39588. 
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RubbipIr(Ag-free) - [{(tbbpy)2Ru}(μ-bbip){IrCl(cod)}]Cl2 

 

Rubbip-Cl (51.0 mg, 0.45 mmol, 1 eq.) and [Ir(cod)(OMe)]2 (14.8 mg, 0.022 mmol, 0.5 eq.) were dissolved in CH2Cl2 
(12.5 mL) and stirred overnight at room temperature (glovebox = 18 °C) before complete removal of the solvent in vacuo. 
Purification was achieved by recrystallization by slow evaporation of a mixture of THF (3 mL) and a small amount of 
CH2Cl2 (to increase solubility). The product was obtained as red microcrystallites. Yield: 31.7 mg, 0.022 mmol, 49 %. 
Crystals suitable for X-ray diffraction measurements were obtained from slow evaporation from a mixture of THF with a 
small amount of CH2Cl2. 
1
H NMR (400 MHz, CD2Cl2) δ = 8.81 (d, J = 8.6 Hz, 1H4/11-ip), 8.71 (d, J = 8.3, 1H4/11-ip), 8.39 (t, J = 18.2 Hz, 4H3,3’-bpy), 

8.11 (d, J = 5.3 Hz, 1H6/9-ip), 8.04 (d, J = 5.3 Hz, 1H6/9-ip), 7.85 (dd, J = 8.7, 5.3 Hz, 1H5/10-ip), 7.80 (dd, J = 8.7, 5.3 Hz, 
1H5/10-ip), 7.70 (d, J = 6.0 Hz, 1H6/6‘bpy), 7.63 (d, J = 6.1 Hz, 1H6/6‘bpy), 7.59 (d, J = 6.0 Hz, 1H6/6‘bpy), 7.51 (dd, J = 6.1, 
1.9 Hz, 1H5/5’bpy), 7.48 (dd, J = 6.1, 2.0 Hz, 1H5/5’bpy), 7.47 – 7.23 (m, 12H6/6’bpy, 5/5’bpy, Ph), 7.20 (dd, J = 6.1, 1.9 Hz, 
1H5/5’bpy), 7.04 (dd, J = 38.2, 16.7 Hz, 2HCH2), 6.79 (dd, J = 40.9, 16.3 Hz, 2HCH2’), 4.69 (p, J = 8.0 Hz, 2Hcod), 3.05 (dtd, 
J = 39.6, 7.1, 2.8 Hz, 2Hcod), 2.25 – 2.02 (m, 3Hcod), 1.96 – 1.84 (m, 1Hcod), 1.81 – 1.69 (m, 2Hcod), 1.63 – 1.48 (m, 2Hcod), 
1.43 (d, J = 2.1 Hz, 18HCH3/H3’), 1.36 (d, J = 12.7 Hz, 18HCH3/CH3’) ppm. 
13

C NMR (101 MHz, CD2Cl2) δ = 195.67, 163.34, 163.22, 163.20, 157.09, 157.02, 156.99, 156.85, 151.63, 151.38, 
151.18, 151.10, 150.98, 145.67, 145.52, 135.78, 135.62, 131.70, 131.51, 129.51, 129.41, 128.91, 128.89, 128.37, 127.20, 
126.99, 126.69, 125.73, 125.68, 125.59, 125.39, 121.96, 121.89, 121.84, 120.49, 120.39, 88.51, 88.43, 55.39, 55.35, 
54.00, 36.04, 35.97, 35.94, 33.66, 33.57, 30.54, 30.49, 30.44, 29.56, 29.54 ppm. 

HRMS (ESI) m/z calc. for C65H75N8Ru2+ [M-2Cl-IrCl(cod)-CH2Ph+H]2+ = 474.20704, found = 474.20534;  m/z calc. for 
C65H75N8ClIrRu2+ [M-2Cl]2+ = 687.24416, found = 687.24218; m/z calc. for C65H75N8Cl2IrRu+ [M-Cl]+ = 1409.45579, 
found = 1409.45113. 
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RummipAg - [{(tbbpy)2Ru}(μ-mmip){AgCl}]Cl2 

 

 
Rummip-Cl (33.0 mg, 0.030 mmol, 1.0 eq.), Ag2O (6.35 mg, 0.027 mmol, 0.9 eq.) and dry molecular sieve (3Å, 1.00 g) 
were suspended in anhydrous dichloromethane (4 mL) in a gas-tight vial. This suspension was stirred for 1.5h at ambient 
temperature (glovebox = 18°C). After the reaction time, the remaining solids were removed by filtration through dry 
celite. The remaining product was washed from the celite with dry dichloromethane. The solvent was removed under 
reduced pressure and the product was obtained as a red solid. Yield: 31.2 mg, 0.028 mmol, 90%. Crystals suitable for X-
ray diffraction were obtained from slow evaporation of MeCN. 
 
1
H NMR (400 MHz, CD3CN) δ = 9.14 (d, J = 8.7 Hz, 2H4,11-ip), 8.76 (d, J = 1.9 Hz, 2H3/3’-bpy), 8.71 (d, J = 1.9 Hz, 2H3’/3-

bpy), 8.22–8.13 (m, 2H6,9-ip), 7.87 (dd, J = 5.3, 8.6 Hz, 2H5,10-ip), 7.7 (d, J = 6.0 Hz, 2H6/6’-bpy), 7.55 (d, J = 6.1 Hz, 2H6/6’-

bpy), 7.48 (dd, J = 6.1 Hz, J = 2.0 Hz, 2H5/5’-bpy), 7.33 (dd, J = 6.1, 2.0 Hz, 2H5/5’-bpy), 4.34 (s, 6HCH3), 1.46 (s, 18HCH3/CH3’-

bpy), 1.37 (s, 18HCH3/CH3’-bpy) ppm. 
 
13

C NMR (101 MHz, CD3CN) δ = 197.04, 163.72, 163.58, 157.92, 157.69, 152.37, 152.20, 151.78, 147.05, 131.70, 
128.60, 127.42, 125.57, 125.51, 122.98, 122.93, 122.15, 55.30, 41.30, 36.39, 36.31, 30.53, 30.48 ppm. 
 
HRMS (ESI) m/z calc. for C51H61AgClN8Ru2+ [M-2Cl]2+ = 515.13571, found = 515.13677. 
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RummipRh(Ag-free) - [{(tbbpy)2Ru}(μ-mmip){RhCl(cod)}]Cl2 

 
Rummip-Cl (99.5 mg, 0.100 mmol, 1.0 eq.) and [Rh(cod)(OMe)]2 (24.2 mg, 0.050 mol, 0.5 eq.) were suspended in 
CH2Cl2 (4.5 mL) in a gas-tight vial. This suspension was stirred for 14 d at ambient temperature (glovebox = 18°C). After 
the reaction time, the remaining solids were removed by filtration through dry celite. The remaining product was washed 
from the celite with CH2Cl2. The solvent was removed under reduced pressure. Purification was achieved by 
recrystallization by slow evaporation of a mixture of THF (3 mL) and a small amount of CH2Cl2 (to increase solubility). 
The product was obtained as a red solid. Yield: 88.8 mg, 0.074 mmol, 74%. 
 
1
H NMR (400 MHz, CD3CN) δ = 9.23–9.19 (m, 2H4,11-ip), 8.72 (d, J = 1.9 Hz, 1H3/3’-bpy), 8.68 (s, 2H3’,3-bpy), 8.63 (d, J = 

1.9 Hz, 1H3/3’-bpy), 8.12 (dd, J = 5.3, 1.1 Hz, 1H6/9-ip), 8.07 (dd, J = 5.3, 1.1 Hz, 1H6/9-ip), 7.90–7.85 (m, 2H5,10-ip), 7.68–7.66 
(m, 2H6/6’-bpy), 7.52–7.40 (m, 2H5/5’-bpy, 1H6/6’-bpy), 7.31 (d, J = 6.1 Hz, 1H6/6’-bpy), 7.23 (dd, J = 6.1, 2.1 Hz, 1H5/5’-bpy), 7.17 
(dd, J = 6.1, 2.0 Hz, 1H5/5’-bpy), 5.04 (s, 2Hcod), 4.97 (s, 3HCH3), 4.96 (s, 3HCH3), 3.55 (s, 2Hcod), 2.51 (s, 4Hcod), 2.04 (s, 
4Hcod), 1.45 (s, 9HCH3/CH3’-bpy), 1.45 (s, 9HCH3/CH3’-bpy), 1.36 (s, 9HCH3/CH3’-bpy), 1.34 (s, 9HCH3/CH3’-bpy) ppm. 
 

13
C NMR (101 MHz, CD3CN) δ = 163.67, 163.66, 163.56, 163.47, 157.87, 157.83, 157.78, 157.64, 152.09, 152.05, 

151.90, 151.78, 151.69, 146.27, 146.22, 131.46, 131.44, 129.10, 129.07, 126.95, 126.88, 125.48, 125.45, 125.28, 125.26, 
122.94, 122.88, 122.70, 121.53, 121.46, 100.53, 70.22, 70.18, 70.07, 70.04, 40.41, 40.37, 36.36, 36.35, 36.29, 36.23, 
33.41, 33.35, 30.49, 30.43, 30.39, 29.51, 29.44 ppm. 
 
HRMS (ESI): m/z calc. for C51H62N8ORu2+ [M-2Cl-IrCl(cod)+H2O]2+ = 452.20539, found = 452.20796; m/z calc. for 
C59H72ClN8RhRu2+ [M–2Cl]2+ = 566.18422, found = 566.18964. 
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RummipIr(Ag-free) - [{(tbbpy)2Ru}(μ-mmip){IrCl(cod)}]Cl2 

 

 
Rummip-Cl (99.5 mg, 0.100 mmol, 1.0 eq.) and [Ir(cod)(OMe)]2 (24.2 mg, 0.050 mmol, 0.5 eq.) were suspended in 
CH2Cl2 (4.5 mL) in a gas-tight vial. This suspension was stirred for 14 d at ambient temperature (glovebox = 18 °C). After 
the reaction time, the remaining solids were removed by filtration through dry celite. The remaining product was washed 
from the celite with CH2Cl2. The solvent was removed under reduced pressure. Purification was achieved by 
recrystallization by slow evaporation of a mixture of THF (3 mL) and a small amount of CH2Cl2 (to increase solubility). 
The product was obtained as a red solid. Yield: 89.2 mg, 0.069 mmol, 69%. 
 
1
H NMR (400 MHz, CD3CN) δ = 9.22–9.19 (m, 2H4,11-ip), 8.74 (d, J = 1.9 Hz, 1H3/3’-bpy), 8.70 (t, J = 2.1, 2.1 Hz, 2H3’,3-

bpy), 8.65 (d, J = 1.9 Hz, 1H3/3’-bpy), 8.13 (dd, J = 5.3, 1.1 Hz, 1H6/9-ip), 8.08 (dd, J = 5.3, J = 1.1 Hz, 1H6/9-ip), 7.89–7.84 (m, 
2H5,10-ip), 7.68–7.66 (m, 2H6/6’-bpy), 7.48–7.42 (m, 2H5/5’-bpy, 1H6/6’-bpy), 7.31 (d, J = 6.0 Hz, 1H6/6’-bpy), 7.22 (dd, J = 6.1, 2.1 
Hz, 1H5/5’-bpy), 7.17 (dd, J = 6.1, 2.0 Hz, 1H5/5’-bpy), 4.83 (s, 3HCH3), 4.82 (s, 3HCH3), 4.62 (s, 2Hcod), 3.16 (s, 2Hcod), 2.32 (s, 
4Hcod), 1.87 (s, 4Hcod), 1.45 (s, 9HCH3/CH3’-bpy), 1.45 (s, 9HCH3/CH3’-bpy), 1.36 (s, 9HCH3/CH3’-bpy), 1.35 (s, 9HCH3/CH3’-bpy) ppm. 
 

13
C NMR (101 MHz, CD3CN) δ = 192.99, 163.69, 163.68, 163.58, 163.49, 157.87, 157.83, 157.79, 157.66, 152.07, 

152.00, 151.88, 151.73, 146.34, 146.28, 140.41, 131.47, 131.44, 129.44, 129.16, 129.12, 126.90, 126.84, 125.46, 125.45, 
125.25, 122.98, 122.92, 122.76, 121.70, 121.63, 87.11, 87.06, 53.74, 53.72, 40.13, 40.09, 36.36, 36.29, 36.24, 32.50, 
30.50, 30.43, 30.12, 30.06 ppm. 
 
HRMS (ESI): m/z calc. for C51H62N8ORu2+ [M-2Cl-RhCl(cod)+H2O]2+ = 452.20539, found = 452.20809; m/z calc. for 
C59H72ClIrN8Ru [M–2Cl]2+ = 611.21258, found = 611.21292. 
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S3. In detail investigation of catalysts and catalysis experiments 

UV/Vis spectroscopy 
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Figure S 3-1: Absorption (solid lines) and emission (dashed lines) spectra of RubbiM complexes. Absorption spectra 
were measured at similar catalyst concentrations and normalised to 0.5 at the π-π* absorption maximum (285 nm). 
Corresponding emission spectra were normalised to 500 at their maximum (632 nm); excitation wavelength = 441 nm. 
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Figure S 3-2: Absorption (solid lines) and emission (dashed lines) spectra of RummiM complexes. Absorption spectra 
were measured at similar catalyst concentrations and normalised to 0.5 at the π-π* absorption maximum (285 nm). 
Corresponding emission spectra were normalised to 300 at their maximum (625, 628, 632 nm); excitation wavelength = 
441 nm. 

Negative ion mode MS 

 

Figure S 3-3: Negative ion mode mass spectra of RubbipRh(Ag) (left) and RubbipRh(Ag-free) (right) indicating presence 
of AgCl2

- (m/z = 178.84) for the former and none for the latter. 



S24 

 

 

Dynamic light scattering 

Undiluted catalysis mixtures were measured after a given time. Each record is the average of 5 runs of 60 seconds 
duration. 

 

Figure S 3-4: Size distribution data of RubbipRh(Ag) after 0 h, 5 h and 24 h indicating the presence of particles and a 
tendency of particle growth over time. 

  

 

Figure S 3-5: Correlation data of RubbipRh(Ag-free) after 0 h, 5 h and 24 h. No meaningful size distribution can be 
drawn due to bad raw data quality, indicating no presence or very low concentration of particles. 
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Figure S 3-6: Size distribution data of RummipRh(Ag) after 0 h, 3 h and 28 h indicating the presence of particles and a 
tendency of particle growth over time. 

 

Figure S 3-7: Correlation data of RubbipRh(Ag-free) after 0 h, 5 h and 73 h. No meaningful size distribution can be 
drawn within the first 5 h due to bad raw data quality. Longer irradiation under catalytic conditions, however, leads to 
formation of particles in this case as well. 
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Electron microscopy 

Complexes 

Homogenised samples of the pure catalyst were spread on a carbon tab and measured without sputtering. 

 

Figure S 3-8: EDX spectrum of neat RubbipRh(Ag). Apart from Ru and Rh significant amounts of Ag are detected. 
 

 

Figure S 3-9: EDX spectrum of neat RubbipRh(Ag-free). No signals for Ag are present. 
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Catalysis mixtures 

Samples were prepared by filtering the reaction mixtures of catalysis runs through 0.45 µm PTFE syringe filters with 
4 mm diameter. The filter was air dried before removal of the membrane from the casing. The membrane was deposited 
on a carbon tab and sputtered with carbon for the measurements. 

 

Figure S 3-10: Scanning electron micrograph of the precipitate (bright lumps) of a 60h catalysis run with RubbipRh(Ag) 
on a PTFE membrane (dark background). 

 

 
Figure S 3-11: EDX spectrum of the precipitate from the catalysis run with RubbipRh(Ag) composed of mainly Ag and 
Rh. Peaks for C and F can be attributed to the PTFE membrane, Si might be leached of from the reaction vessel by basic 
reaction conditions. 
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Figure S 3-12: Scanning electron micrograph of the PTFE membrane used for filtration of a 60h catalysis run with 
RubbipRh(Ag-free). No precipitate is visible in this case. 

 

 
Figure S 3-13: EDX spectrum of the membrane used for filtration of the catalysis run with RubbipRh(Ag-free) showing 
only trace amounts of Rh and no Ag. Peaks for C and F can be attributed to the PTFE membrane, Si might be leached of 
from the reaction vessel by basic reaction conditions. 
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X-ray diffraction 

RubbipAg 

Table S 1.  Crystal data and structure refinement for RubbipAg. 

 

Empirical formula  C72 H81.50 Ag2 Cl4 N12.50 Ru 

Formula weight  1580.60 

Temperature  150(2) K 

Wavelength  1.54178 Å 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 11.8921(3) Å = 68.491(3)°. 

 b = 16.9660(5) Å = 76.529(2)°. 

 c = 20.9085(5) Å  = 85.489(2)°. 

Volume 3816.67(19) Å3 

Z 2 

Density (calculated) 1.375 Mg/m3 

Absorption coefficient 7.313 mm-1 

F(000) 1614 

Crystal size 0.2073 x 0.1921 x 0.1403 mm3 

Theta range for data collection 7.449 to 74.487°. 

Index ranges -14<=h<=14, -19<=k<=21, -26<=l<=25 

Reflections collected 39799 

Independent reflections 15377 [R(int) = 0.0546] 

Completeness to theta = 67.679° 99.7 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 15377 / 44 / 794 

Goodness-of-fit on F2 1.500 

Final R indices [I>2sigma(I)] R1 = 0.1245, wR2 = 0.3315 

R indices (all data) R1 = 0.1398, wR2 = 0.3565 

Largest diff. peak and hole 9.026 and -3.169 e∙Å-3 
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Crystal data for RubbipAg: C72 H81.5 Ag2 Cl4 N12.5 Ru, Mr = 1580.60 g mol-1, red fragment, crystal size 0.2073 x 0.1921 x 
0.1403 mm3, triclinic, space group P -1, a = 11.8921(3) Å, b = 16.9660(5) Å, c = 20.9085(5) Å, α = 68.4λ1(3)°, = 
76.529(2)°, γ = 85.489(2) V = 3816.67(19) Å3, T = 150(2) K, Z = 2, ρcalcd. = 1.375 Mg/m3,  (Cu-Kα) = 7.313 mm-1, 
F(000) = 1614, altogether 39799 reflexes up to h(-14/14), k(-19/21), l(-26/25) measured in the range of 7.44λ° ≤ Θ ≤ 
74.487° , completeness Θmax = 99.7 %, 15377 independent reflections, Rint = 0.0546, 12432 reflections with F0 > 2 σ(F0), 
794 parameters, 44 restraints, R1obs = 0.1245, wR2obs = 0.3315, R1all = 0.1398, wR2all = 0.3565, GOOF = 1.500, largest 
difference peak and hole: 9.026/-3.16λ e∙Å-3. Only weak data could be obtained from this sample. DFIX and DANG 
restraints were used in order to fix the geometry of disordered solvent molecules, the central sp-carbon atom of which is 
placed on an inversion center. The positional parameters the latter solvent molecule, and of the acetonitrile methyl groups 
corresponding to C83A and C83B were fixed. Further DFIX, DANG, and ISOR restraints were used to fix the geometry 
of tertbutyl group including C74, C75, C76, and C77. CCDC 1453380 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. 
  

http://www.ccdc.cam.ac.uk/data_request/cif
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RummipAg 

 

Figure S 3-14: Crystal structure of RummipAg with an Ag6Cl8
2- cluster as counter ion. 

 

Table S 2.  Crystal data and structure refinement for RummipAg. 

 

Empirical formula  C59 H69 Ag5 Cl7 N12 Ru 

Formula weight  1834.83 

Temperature  150(2) K 

Wavelength  1.54178 Å 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 11.8311(3) Å = 85.593(2)°. 

 b = 14.1539(3) Å = 89.684(2)°. 

 c = 20.3230(6) Å  = 89.0500(10)°. 

Volume 3392.65(15) Å3 

Z 2 

Density (calculated) 1.796 Mg/m3 

Absorption coefficient 4.00312 mm-1 

F(000) 1810 

Crystal size 0.103 x 0.0592 x 0.0307 mm3 

Theta range for data collection 7.435 to 74.491°. 
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Index ranges -11<=h<=14, -17<=k<=17, -25<=l<=25 

Reflections collected 54924 

Independent reflections 13838 [R(int) = 0.0466] 

Completeness to theta = 67.679° 99.7 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 13838 / 26 / 789 

Goodness-of-fit on F2 1.040 

Final R indices [I>2sigma(I)] R1 = 0.0633, wR2 = 0.1733 

R indices (all data) R1 = 0.0726, wR2 = 0.1872 

Largest diff. peak and hole 3.644 and -3.010 e∙Å-3 

 

 
Crystal data for RubbipAg: C59 H69 Ag5 Cl7 N12 Ru, Mr = 1834.83 g mol-1, red prism, crystal size 0.103 x 0.0592 x 0.0307 

mm3, triclinic, space group P -1, a = 11.8311(3) Å, b = 14.1539(3) Å, c = 20.3230(6) Å, α = 85.5λ3(2)°, = 89.684(2)°, γ 

= 89.0500(10) V = 3392.65(15) Å3, T = 150(2) K, Z = 2, ρcalcd. = 1.796 Mg/m3,  (Cu-Kα) = 4.00312 mm-1, F(000) = 1810, 

altogether 54924 reflexes up to h(-11/14), k(-17/17), l(-25/25) measured in the range of 7.435° ≤ Θ ≤ 74.4λ1°, 
completeness Θmax = 99.7 %, 13838 independent reflections, Rint = 0.0466, 11768 reflections with F0 > 2 σ(F0), 789 

parameters, 26 restraints, R1obs = 0.0633, wR2obs = 0.1733, R1all = 0.0726, wR2all = 0.1872, GOOF = 1.040, largest 

difference peak and hole: 3.644/-3.010 e∙Å-3. DFIX was applied in order to fix the geometry of the solvent molecule 
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including N12. The ISOR restraint was further used on the tertbutyl methyl groups corresponding to C49, C54A, C52A, 

and C52B. CCDC 1453382 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. 
  

http://www.ccdc.cam.ac.uk/data_request/cif
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RubbipIr 
 

Table S 3.  Crystal data and structure refinement for RubbipIr. 

 

Empirical formula  C73 H84 Cl7 Ir N8 Ru 

Formula weight  1614.90 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  I a 

Unit cell dimensions a = 11.5313(3) Å = 90°. 

 b = 34.4785(8) Å = 92.040(2)°. 

 c = 23.1329(5) Å  = 90°. 

Volume 9191.4(4) Å3 

Z 4 

Density (calculated) 1.167 Mg/m3 

Absorption coefficient 1.851 mm-1 

F(000) 3272 

Crystal size 0.1995 x 0.1518 x 0.035 mm3 

Theta range for data collection 3.442 to 26.372°. 

Index ranges -14<=h<=11, -43<=k<=36, -28<=l<=28 

Reflections collected 47704 

Independent reflections 17117 [R(int) = 0.0487] 

Completeness to theta = 25.242° 99.7 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 17117 / 64 / 829 

Goodness-of-fit on F2 1.068 

Final R indices [I>2sigma(I)] R1 = 0.0546, wR2 = 0.1409 

R indices (all data) R1 = 0.0712, wR2 = 0.1526 

Absolute structure parameter 0.147(11) 

Largest diff. peak and hole 1.401 and -1.022 e∙Å-3 
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Crystal data for RubbipIr: C73 H84 Cl7 Ir N8 Ru, Mr = 1614.90 g mol-1, red plate, crystal size 0.1995 x 0.1518 x 0.035 
mm3, monoclinic, space group I a, a = 11.5313(3) Å, b = 34.4785(5) Å, c = 23.1329(5) Å, = 92.040(2)°, V = 9191.4(4) 
Å3, T = 150(2) K, Z = 4, ρcalcd. = 1.167 Mg/m3,  (Mo-Kα) = 1.851 mm-1, F(000) = 3272, altogether 47704 reflexes up to 
h(-14/11), k(-43/36), l(-28/28) measured in the range of 3.442° ≤ Θ ≤ 26.372° , completeness Θmax = 99.7 %, 17117 
independent reflections, Rint = 0.0487, 13512 reflections with F0 > 2 σ(F0), 829 parameters, 64 restraints, R1obs = 0.0546, 
wR2obs = 0.1409, R1all = 0.0712, wR2all = 0.1526, GOOF = 1.068, largest difference peak and hole: 1.401/-1.022 e∙Å-3. 
The crystal contains both Δ and Λ isomers of the ruthenium complex in the unit which are related through an inversion 
center. It appears however that the crystal contains chiral domains with respect to the orientation of the iridium 
coordination sphere. In C2 symmetric space groups I 2/a or C 2/c it was hence disordered with both the COD and the 
chloride ligand half occupied on both sides of iridium. I a was chosen to remove the pseudo C2 symmetry and one slightly 
predominant isomer could be fully resolved. The othter isomer could only be assigned with respect to iridium and 
chloride, whereas an alternative position for the COD ligand could not be found. Moreover, a stable refinement was 
obtained only whenr the occupancy for COD was set to 1, whereas iridium and chloride were split into the respective 
positions A and B. The obtained values for the PART 1 geometry agree further well with literature known structures in 
terms of all observed bond lengths and angles of the iridium coordination sphere. A few molecules of dichloromethane 
could be included into the structure, whereas a considerably large residual void could not be resolved. The residual 
electron densities were not indicative for dichloromethane and it was hence suggested that these channels were occupied 
with heavily disordered tetrahydrofuran molecules. However, an accurate description of the voids based on the obtained 
data is unfortunately not possible. The Platon SQUEEZE routine was applied in order to solve the final structure 
independently. CCDC 1453381 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. 

  

http://www.ccdc.cam.ac.uk/data_request/cif
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Rational in situ tuning of a supramolecular
photocatalyst for hydrogen evolution†

S. Kaufhold, a D. Imanbaew, b C. Riehn bc and S. Rau *a

A new heterodinuclear ruthenium platinum complex containing an N-

heterocyclic carbene bridging ligand was synthesised and used for

photocatalytic hydrogen evolution. The molecular integrity of the unit

was proven by mercury poisoning and the lability of terminal halido

ligands verified with ESI-MS. In situ ligand exchange enhances the

catalytic performance leading to an almost 500-fold increase in the

turnover frequency and a significantly improved overall turnover

number.

The use of molecular photocatalysts for the water splitting

reaction is a hot topic in solar energy storage chemistry.1–3 This

is further fuelled by the idea of generating dye-sensitised pho-

toelectrochemical cells that combine the merits of separated

half-reactions in single cells with the benets of molecular

catalysts.4,5 This type of catalyst should ultimately be more

efficient than heterogeneous systems that, due to their bulk

nature, require a high amount of catalyst material, making their

application costly if rare noble metals are employed. Addition-

ally, intramolecular catalysts should ultimately be more effi-

cient than homogenous intermolecular systems that are

diffusion limited.6–8 An intramolecular photocatalyst combines

the three essential components of a photocatalytic system into

one unit – the photosensitiser (PS), an electron relay or, in this

case, a bridging ligand (BL) and the catalytic centre (CC).9,10

Another major benet of such a catalyst concept is the struc-

ture–property correlation that can be drawn.7 The single

subunits of the catalyst can be altered individually by synthetic

means and the changes in the photophysical and photochem-

ical properties as well as the catalytic performance can be

benchmarked. Finally, a comparison of the results will enable

the rational design of optimised catalysts. Herein we present

a proof of principle study on a dinuclear Ru–Pt complex used for

light-driven generation of molecular hydrogen from aqueous

solution. Ruthenium polypyridine complexes are oen used as

PSs in photocatalytic reactions as they exhibit benecial pho-

tophysical properties for this kind of application, such as strong

absorbance/high quantum yields in the visible spectral region

and long excited state lifetimes.11,12 Pd and Pt moieties are

among the most frequently used CCs. However, the instability

of Pd CCs has been an issue in several cases.13,14 In order to

improve the stability of the link between PS and CC, binding

motifs other than the oen used NN-donor spheres seem more

feasible. Especially N-heterocyclic carbene (NHC) ligands have

received tremendous attention during the last few decades in

organometallic chemistry and catalysis alike, and recently also

for the development of photocatalytic assemblies, due to their

outstanding stabilisation properties.15 Therefore we designed

[(tbbpy)2Ru(m-bbip)PtCl2]Cl2 (tbbpy ¼ 4,40-di-tert-butyl-2,20-

bipyridine and bbip ¼ 1,3-dibenzyl-1H-imidazo[4,5-f][1,10]

phenanthrolin-2-ylidene) RubbipPtCl2, a system incorporating

the photophysical properties of ruthenium polypyridine

complexes and the exceptional stability of a NHC binding motif

for the catalytically active Pt centre (Fig. 1).

For the synthesis of RubbipPtCl2 we avoided trans-

metallation from a silver carbene complex as this approach has

been proven to result in product contamination by silver

impurities that can have a signicant inuence on the catalytic

performance.16 This, in turn, hinders a clear structure–prop-

erty–correlation and therefore a silver free synthetic strategy was

adopted for the synthesis of RubbipPtCl2. NaOMe was applied

as a base to deprotonate the imidazolium moiety of Rubbip in

the presence of PtCl2(DMSO)2 in order introduce the CC in

a one-pot reaction (see ESI chapter S2† for details on synthesis

and characterisation). The air and moisture stable product can

be puried by Sephadex column chromatography and/or
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recrystallisation. Characterization was performed by means of

nuclear magnetic resonance (NMR), electrospray ionisation

high-resolution mass spectrometry (ESI-HRMS) and absorption

and emission spectroscopy (Fig. 2). These ndings compare

well to those of previously investigated RubbipM complexes.17

Notably the emission maximum of RubbipPtCl2 (637 nm) is

redshied in comparison to [Ru(bpy)3]
2+ (607 nm). This leads to

the assumption that the emissive state is located on the bbip

moiety, giving strong evidence of a direct electron transfer to the

CC, in analogy to related complexes.17

Following spectroscopic characterisation, the catalytic

performance of RubbipPtCl2 in light-driven hydrogen evolution

was assessed. As seen in Fig. 3 the catalytic activity is quite low

and aer 30 h a turnover number (TON ¼ n(H2)/n(cat)) of about

2.5 is attained, with a corresponding turnover frequency (TOF¼

TON per time) of about 2 d�1 under the given conditions. The

molecular integrity of the catalyst was investigated by applying

a Hg-poisoning test.18 Addition of Hg did not lead to substantial

changes within the rst 30 h of catalysis (Fig. 3, red graph). Also,

the lack of an induction period and relatively linear kinetics

point towards an intramolecular catalytic mechanism. In earlier

studies the structurally similar compound [(tbbpy)2Ru(tpphz)

PtCl2]
2+ (tpphz ¼ tetrapyrido-[3,2-a:2030-c:300,200-h:2000,3000-j]

phenazine) RutpphzPtCl2 was synthesized and investigated in

our group and gave a TON of 7 in 10 h under similar catalysis

conditions.14 In the case of RutpphzPt the manipulation of the

CC by exchange of the terminal chlorido to iodido ligands by

synthetic means led to a drastic increase in the maximum TON

(7 for RutpphzPtCl2 vs. 276 for RutpphzPtI2).
19

Sakai and co-workers argued that the dz2 orbital of Pt cata-

lysts plays a crucial role in the mechanism of hydrogen evolu-

tion and that destabilisation of this orbital by increased

electron density on the Pt centre can improve catalytic

activity.7,20 Thus the stronger p-donating properties of iodido

ligands in comparison to chlorido ligands seem to be a feasible

explanation for the observations made for the RutpphzPt

system.

Wewere eager to expand this concept on theRubbipPt system

as well. Unfortunately the synthesis and purication of

RubbipPtI2 proved to be arduous and the compound could not

be generated in sufficient purity using the above mentioned

approach. However, while characterising RubbipPtCl2 we

noticed that ligand dissociation takes place in methanolic

solutions of RubbipPtCl2 (Fig. 4) leading allegedly to the

exchange of chloride vs. methoxide as observed by ESI-MS

(Fig. S3-1†). This is in contrast to the behaviour of RutpphzPt

for which stable coordination of halido ligands was found.14,19

Based on this observation we assumed that an in situ introduc-

tion of iodido ligands seems feasible if a sufficient amount of

iodide is present in the solution. If applicable to RubbipPt, this

should result in improved catalytic performance. Indeed, upon

addition of 200 equivalents of tetrabutylammonium iodide

(TBAI) to the catalytic solution a very strong increase in TOF (41 h�1

for the rst 160 min) and TON (120 aer 4 h) is observed

(Fig. 5). To the best of our knowledge this TOF is among the

highest reported for Ru–Pt intramolecular photocatalysts only

outperformed by the system reported by Schulz and Pryce and

co-workers.21 Again the mercury poisoning test was performed

Fig. 1 Schematic structure of RubbipPtCl2.

Fig. 2 Absorption and emission spectra of RubbipPtCl2 in MeOH.

Fig. 3 Catalytic performance of RubbipPtCl2 without (black graph)

and with the addition of Hg (100 mL, red graph). Conditions c(cat) ¼

67 mM, in MeOH/NEt3/H2O ¼ 6 : 3 : 1, irradiation with two LED arrays

emitting at l¼ 470� 20 nm. Averaged over 2 runs, error bars show the

standard deviation.
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to assess the molecular integrity of the catalyst. Addition of Hg

only led to a minor detrimental effect on catalytic activity,

decreasing the maximum TON to 90 aer 4 h. The TOF levels off

earlier but is almost identical within the rst hour to the TOF

obtained from the non-poisoned catalysis run. Inuences on

the catalytic performance by addition of mercury have been

witnessed and discussed before and do not necessarily imply

the presence of a colloidal species.14,22 Possible explanations for

the observed changes are unwanted side reactions such as

direct photoreactions of the catalyst with Hg or the formation of

Hg2+ during catalysis, which in turn may act as a quencher of

excited states and thus have a negative inuence on TONs.14,22

In addition to quenching, oxidised Hg-species may possibly

remove iodide from the catalysis solution by formation of HgI2
and thereby impede catalytic performance.

Further catalysis experiments were carried out to elucidate

the inuence of halide ions and halide ion concentration in

catalysis solutions. Addition of another 200 eq. TBAI aer

catalysis ceased, did not lead to reactivation of the high catalytic

activity (Fig. S3-9†). The use of 50, 20, 10 and 2 eq. of TBAI led to

a stepwise decline in catalytic performance compared to 200 eq.

(Fig. S3-6†). This indicates that a certain concentration of iodide

is needed for efficient ligand exchange. With 2000 eq. TBAI

added, the maximum TON z 110 is also somewhat lower,

which might be correlated with alteration of interactions

between the catalyst and substrate due to high ion concentra-

tion. The use of other halides did not lead to such a pronounced

enhancement as that for TBAI. Addition of 200 eq. TBABr yiel-

ded 2.5 turnovers aer about 6 h, while TBACl and TBAF did not

lead to a noteworthy increase compared to catalysis runs

without additives (TON z 0.5 aer 6 h, Fig. S3-7†). Seemingly

only the strong p-donor iodide has a signicant inuence on

the catalytic activity of the Pt CC, while bromide only leads to

a minor improvement.

In order to underlay the theory of an exchange of the terminal

halido ligands 1H-NMR and ESI-MS were carried out. The addi-

tion of TBAI to an NMR-sample of RubbipPtCl2 in deuterated

methanol led to a pronounced splitting of the signal of the

benzylic CH2-protons and concomitantly a high-eld shi of the

CH3-protons of the DMSO ligand, while only little changes in the

aromatic region were observed (Fig. S3-2 and S3-3†). The change

in 1H-NMR signals is a strong indication for an altered chemical

environment at the catalytic centre as both CH2 and CH3-groups

of DMSO are in close proximity to the CC and thus should react

sensitively on any changes. Due to the low solubility of

RubbiPtCl2 in methanol other straightforward or convenient

methods to investigate the ligand exchange like 195Pt-NMR or

infrared spectroscopy could not be applied. However, additional

evidence for a change in the ligand sphere of the Pt CC was

obtained from ESI-MS investigations on RubbipPtCl2 (Fig. 6). In

puremethanolic solution themain signal atm/z¼ 689.1 refers to

the species RubbipPt(Cl)(OMe) with one chlorido ligand

exchanged for a methoxido ligand [M – Cl + OMe]2+. If 10

Fig. 4 Scheme of the observed exchange of terminal chlorido vs.

methoxido ligand.

Fig. 5 Catalytic performance of RubbipPtCl2 in the presence of 200

equivalents TBAI without (black) and with the addition of Hg (200 mL,

red). Conditions: c(cat) ¼ 67 mM, in MeOH/NEt3/H2O ¼ 6 : 3 : 1, irra-

diation with two LED arrays emitting at l ¼ 470 � 20 nm. Averaged

over 2 runs, error bars show the standard deviation.

Fig. 6 ESI-MS spectra of RubbipPtCl2 in methanol with added TBAI

(10 eq.) indicate ligand exchange. Recorded for a freshly prepared

solution and after 24 h. The mass isolated signals are shown along

simulations of the respective isotope patterns and are in good

accordance with each other.
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equivalents of TBAI are added to a methanolic solution of

RubbipPtCl2, immediately an additional signal at m/z ¼ 737.1

is observed that can be assigned to a RubbipPt(Cl)(I) species

[M – Cl + I]2+. Over the course of several hours a third signal at

m/z ¼ 782.5 rises in intensity, whereas the other two

slowly decrease Fig. 6 and, S3-4†. This signal can be

assigned to RubbipPtI2 with two iodido ligands coordinated

[M – 2Cl + 2I]2+. Notably, the signal at m/z ¼ 737.1 (0 h) shis

to a lower m/z in the mass spectra of the aged solution (24 h),

resulting in a signal at m/z ¼ 735.1, which we assign to

a RubbipPt(I)(OMe) species [M – 2Cl + OMe + I]2+. It is thus

conceivable that the progression from RubbipPtCl2 to

RubbipPtI2 in methanol proceeds via consecutive exchange of

the chlorido ligands by methoxido ligands, which are rapidly

replaced by iodido ligands. Very similar results were obtained

when 100 equivalents of TBAI were added, but with a signi-

cantly increased exchange rate (Fig. S3-5†).

Spurred by our mass spectrometric investigations, natural

population analysis (NPA) was performed for RubbipPtCl2 and

its conceivable in situ ligand exchange products RubbipPtX2 (X

¼ OMe, F, Br, I). The positive natural charge density at the Pt CC

decreases for the series of F > OMe > Cl > Br > I (Table S3-1†).

Analogously, electron occupancy in the 5dz2 orbital increases in

the same direction, i.e. electron density was calculated to be

highest for RubbipPtI2. These results support the idea of facil-

itated hydrogen reduction by higher electron density at the CC

and are in good qualitative agreement with our experimental

ndings.

In the case of 200 eq. TBAI being added to the solution,

a dependency of the catalytic performance on the concentration

of RubbipPtCl2 was found (Fig. S3-8†). Lower concentrations

also lead to a decrease in TONs (c¼ 34 mM, TONz 50; c¼ 17 mM,

TON z 20), pointing towards a di-(or even oligo)merization-

dependent catalysis mechanism as proposed by Sakai et al.7

The TON also drops at higher concentrations (c ¼ 268 mM TON

z 80) whichmight be due to the strong absorbance of RubbipPt

of the used irradiation wavelength and thus less than ideal

light penetration through the entire catalysis solution.23,24

Additionally the inuence of photooxidised iodide species

like I3
� on the catalytic performance is conceivable under our

catalytic conditions. Here, however, no evidence for the

formation of I3
� could be found utilizing a photometric test

(see Fig. S3-10 and S3-11†).25

As described above we think that ligand exchange from

chloride ligands to iodido ligands during catalysis is feasible

and that the improvement of the catalytic performance can be

attributed to an in situ ligand exchange. However, the time span

in which the catalytic system is active when TBAI is present is

quite short as the hydrogen evolution levels off aer about 2 h.

Long-time catalysis runs of RubbipPtCl2 without added TBAI,

however, showed that the catalytic system in principle can be

active for a very long time. Stable turnover was achieved over

450 h leading to a maximum TON of 37 (Fig. 7). Addition of Hg

led to a slight decrease in the maximum TON to about 25, as the

catalytic activity levels off earlier (aer about 300 h), which can

be explained by the interruptive mechanisms discussed earlier.

Conclusion

With RubbipPtCl2 we were able to design a NHC-bridged

supramolecular photocatalyst for the generation of molecular

hydrogen, which exhibits improved activity under catalytic

conditions in comparison to the model system RutpphzPtCl2.

More importantly, the catalytic activity of the RubbipPt system

could be tuned in situ by addition of an iodide salt to the

catalysis solution. We correlate this to the lability of the

terminal chlorido ligands in methanolic solution which enables

an efficient chlorido vs. iodido ligand exchange. This could be

exploited to gain a 3� increase in the maximum TON and an

almost 500� increase in TOF in the period of the highest

activity. To the best of our knowledge this is the rst report on

an in situ improvement of a homogeneous photocatalyst.

However, only either long term stability or high efficiency could

be achieved for RubbipPt. The search for a ligand environment

that provides both, activation and stabilisation of the catalytic

centre is crucial. Until now it is not yet clear how to achieve this

effectively. It seems that a certain increase in electron density in

the Pt dz2 orbitals is needed for improved catalytic performance.

Additionally it might be benecial if the donor ligand would

bind more strongly to the CC in order to keep the activation

active for a longer period of time.
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Fig. 7 Long-time catalytic performance of RubbipPtCl2 without and

with addition of Hg (100 mL), averaged over 2 runs. Conditions c(cat) ¼

67 mM, in MeOH/NEt3/H2O ¼ 6 : 3 : 1 irradiation with two LED arrays

emitting at l ¼ 470 � 20 nm.
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S1. Instrumentation

General remarks

All reaction and further work-up procedures were carried out under an atmosphere of argon in a MBraun UniLab 
glovebox unless otherwise stated. Solvents were HPLC grade solvents purified by an MBraun SPS 800 solvent 
purification system. All other reagents were commercially available from Merck, Sigma Aldrich, ABCR or Roth and used 
without further purification.

Photocatalytic hydrogen evolution experiments

Experiments were carried out in 21 mL Schlenk-tubes filled with 7.5 mL catalysis solution, capped with rubber septa and 
placed in self-made, air-cooled photomicroreactors under constant irradiation from two LED arrays (λ = 470 nm; 48.1 ± 
3.0 mW ∙ cm-2) per sample.

The gas phase above the solution was probed by inserting a gas-tight GC syringe through the septum, taking a volume of 
100 μL of the gas phase and analysing the amount of hydrogen in the gas phase using GC. The GC was calibrated by 
mixing different volumes of pure hydrogen with argon in a Schlenk-vessel.1 The injected amount of hydrogen was plotted  
against the peak area to gain a calibration curve to enable recalculation of peak areas to amounts of hydrogen from 
catalysis samples.

Measurements were performed on a Bruker Scion GC/MS, with a thermal conductivity detector. Injections were made on 
column using a 5m x 0.53mm I.D. MTX guard column connected to a 2m x 0.53 mm I.D. ShinCarbon St 80/100 packed 
column. Oven temperature was set to 40 °C, pressure to 60.0 psi, flow rate to 30.0 mL min-1 and detector temperature to 
200 °C, argon was used as carrier gas.

Analytical methods, instrumentation and calculations

UV/Vis spectroscopy

UV-Vis spectroscopy was performed on a JASCO V-670 UV-VIS-NIR Spectrophotometer with gas-tight quartz glass 
cuvettes (d = 10.0 mm, Hellma).

Emission spectroscopy

Emission spectroscopy was performed on a JASCO FP-8500 Fluorescence Spectrometer with gas-tight quartz glass 
cuvettes (d = 10.0 mm, Hellma).

NMR spectroscopy

The NMR spectra were recorded on a Bruker AVANCE 400 at ambient temperature. Chemical shift values (δ) are given 
in parts per million (ppm) using residual solvent protons (δH = 5.32ppm and δC = 54.0 ppm for CD2Cl2) as the internal 
standard.

ESI Mass spectrometry (ESI-MS)

High-resolution mass spectrometry (HRMS) was performed at Ulm University using a Fourier Transform Ion Cyclotron 
Resonance (FT-ICR) mass spectrometer solariX (Bruker Daltonik) equipped with a 7.0 T superconducting magnet and 
interfaced to an Apollo II Dual ESI/MALDI source.

Mass spectrometric ligand exchange experiments (Cl- vs. I-) were performed at the TU Kaiserslautern using an amaZon 
Speed ESI mass spectrometer (Bruker Daltonik) in enhanced resolution mode.

Density functional theory (DFT)

Geometry optimization was performed by density functional theory (DFT) within Gaussian092 using the B3LYP3,4 
gradient-corrected exchange-correlation functional in combination with the 6-31G(d) double-ζ basis set for C, H, N, O, S, 
F, and Cl. For Ru, Br, I, and Pt the 28-, 28-, 46-, and 60-electron relativistic effective core potential MWB was used, 
respectively, together with the corresponding basis set. Solvent interaction (methanol, ε = 32.613) was taken into account 
by employing the polarizable continuum model (PCM) using the integral equation formalism variant (IEFPCM).5 An SCF 
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convergence criterion of 10-6 was applied. Natural population analysis (NPA) was performed using NBO 5.96 within 
Gaussian09.



S4

S2. Synthesis and characterization of complexes

Rubbip-PF6 ([(tbbpy)2Ru(bbip)](PF6)3) was prepared according to a previously published method and purified by 
Sephadex column chromatography using chloroform/acetone/methanol (47/30/23 wt%) as eluent.7

PtCl2(DMSO)2 was prepared according to a literature procedure.8

RubbipPtCl – [(tbbpy)2Ru(µ-bbip)PtCl2](PF6)2

N

N

Ru

N

N

N

N N

N

2 PF6
-

3-bpy
5-bpy

6-bpy3'-bpy

5'-bpy

6'-bpy

CH3'-bpy

11-ip

10-ip

9-ip

8-ip

7-ip

6-ip
5-ip

4-ip

CH2

Pt

Cl

Cl

S

CH3-bpy

Ph

CH2'
O

CH3/CH3'-DMSO

Under argon atmosphere Rubbip-PF6 (1 eq., 100-300 mg, 0.068-0.203 mmol), PtCl2(DMSO)2 (1.05 eq., 30.1-90.4 mg, 
0.071-0.214 mmol) and NaOMe (1.4 eq., 5.1-15.4 mg, 0.095-0.286 mmol) were taken up in CH2Cl2 (10-30 mL) and after 
addition of 3 drops of DMSO stirred for 3d at 18 °C. Workup can be carried out under air. The reaction mixture was 
filtered through a plug of celite (h = 2–3 cm) before removal of the solvent. The crude product was purified by Sephadex 
column chromatography (chloroform/acetone/methanol = 47/30/23 wt% as eluent) and/or recrystallisation from methanol 
depending on impurities. Yield 53%, can be increased by multiple chromatography/recrystallisation steps of (combined) 
non-pure fractions.

1H NMR (400 MHz, CD2Cl2) δ 8.63 (dd, J = 11.1, 8.8 Hz, 2H4,11-ip), 8.25 (ddd, J = 16.3, 12.5, 1.5 Hz, 4H3/3’-bpy), 8.10 (dd, J = 
16.8, 4.9 Hz, 2H6,9-ip), 7.73 (ddd, J = 8.6, 7.8, 5.4 Hz, 2H5,10-ip), 7.62 (t, J = 5.9 Hz, 2H6/6’-bpy), 7.52 – 7.21 (m, 2H6/6’, 4H5/5’-bpy, 
10HPh),  6.83 (dd, J = 280.2, 17.7 Hz, 2HCH2’), 6.77 (q, J = 17.8 Hz, 2HCH2), 3.14 (s, 3HCH3/CH3’-DMSO), 2.97 (s, 3HCH3/H3’-

DMSO) 1.42 (s, 18HCH3/CH3’-bpy), 1.35 (d, J = 9.3 Hz, 18CH3/CH3’-bpy) ppm.

13C NMR (101 MHz, CD2Cl2) δ = 163.49, 163.38, 161.86, 156.94, 156.88, 156.86, 152.26, 152.24, 151.43, 151.29, 
151.27, 151.18, 146.66, 146.61, 133.75, 133.60, 130.98, 130.86, 130.05, 130.03, 129.26, 128.53, 128.38, 127.32, 127.06, 
126.90, 126.22, 126.13, 126.10, 126.01, 121.30, 121.24, 121.17, 120.86, 45.66, 45.58, 36.03, 35.97, 35.95, 35.65, 30.49, 
30.44, 30.43 ppm.

HRMS (ESI) m/z calc. for  C65H74Cl2N8OPtRuS [M-2PF6]2+ = 691.18832, found = 691.18873.
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S3. In detail investigation of RubbipPt

Figure S3-1: ESI-MS of RubbipPtCl2 dissolved in methanol (top). Within preparation/measurement time (few minutes) 
the ligand exchange of one chlorido vs. methoxido takes place almost completely as visible from comparison with the 
simulated [M-Cl+OMe]2+ species (bottom). The more mellow decay to higher m/z values in the top spectrum can be 
rationalised by overlap with residual [M]2+ that appears at m/z = 691.2.
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Figure S3-2: 1H-NMR of the aromatic region of RubbipPtCl dissolved in methanol without (top) and with added TBAI (bottom). A significant change of splitting 
of the peaks corresponding to the benzylic CH2-groups is visible upon addition of the iodide salt indicating a change in the nearby Pt coordination sphere.
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Figure S3-3: 1H-NMR of aliphatic region of RubbipPtCl dissolved in methanol without (top) and with added TBAI (bottom). A significant change in the chemical 
shift of the Pt-bound DMSO signals (with concomitant loss in signal intensity to 1/6) upon addition of the iodide salt indicating a change in the nearby Pt 
coordination sphere.
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Figure S 3-4: ESI-MS spectra of RubbipPtCl in methanol and with added TBAI (10 eq.). Freshly prepared, after 0.5, 1.5, 
3, 5, 8 and 24h (top to bottom) at room temperature. The disappearance of the signals corresponding to [M-Cl+MeO]2+ at 
m/z = 689.1 and [M-Cl+I]2+ at m/z = 737.1 is accompanied by a rise of the signal at m/z = 782.5 corresponding to 
[M-2Cl+2I]2+. The slight shift to lower m/z values over time for the signal at 737.1 is due to an exchange of the remaining 
Cl-ligand leading to an overlap of the signals for [M-Cl+I]2+ (m/z = 737.1) and [M-2Cl+I+MeO]2+ (m/z = 734.7).
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Figure S 3-5: ESI-MS spectra of RubbipPtCl in methanol and with added TBAI (100 eq.). Freshly prepared, after 0.5, 1.5, 
3, 5, 8 and 24h (top to bottom) at room temperature. Disappearance of the signals corresponding to [M-Cl+MeO]2+ at m/z 
= 689.1 and [M-Cl+I]2+ at m/z = 737.1 is reasonably faster as well as the rise of the signal at m/z = 782.5 corresponding to 
[M-2Cl+2I]2+. The slight shift to lower m/z values over time for the signal at 737.1 is due to an exchange of the remaining 
Cl-ligand leading to an overlap of the signals for [M-Cl+I]2+ (m/z = 737.1) and [M-2Cl+I+MeO]2+ (m/z = 734.7).
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Figure S3-6: Results of catalysis runs of RubbipPtCl (c = 67 µM) in MeOH/NEt3/H2O = 6:3:1 with different amounts of 
added TBAI.
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Figure S3-7: Results of catalysis runs of RubbipPtCl (c = 67 µM) in MeOH/NEt3/H2O = 6:3:1 with different types of 
tetrabutylammonium halides added in 200x excess.
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Figure S3-8: Results of catalysis runs of different concentrations of RubbipPtCl in MeOH/NEt3/H2O = 6:3:1 with TBAI 
in 200x excess. Generally the TON gets higher for increasing concentrations with 67 µM being the ideal concentration. At 
high concentration (268 µM) the incubation time is prolonged leading to a lower TOF and TON in the ~ 350 min 
timeframe of the measurement. 
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Figure S3-9: Result of catalysis run of RubbipPtCl in MeOH/NEt3/H2O = 6:3:1 (with 200 eq.TBAI). The arrow marks 
addition of another 200 eq. TBAI under Ar-flow. Re-addition does not lead to another strong activation of the catalytic 
system.
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Figure S3-10: Absorption spectra of RubbipPtCl (c = 67 µM) in MeOH/NEt3/H2O = 6:3:1 after different irradiation times.
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Figure S3-11: Absorption spectra of RubbipPtCl (c = 67 µM) with added TBAI (200 eq.) in MeOH/NEt3/H2O = 6:3:1 
after different irradiation times.
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Table S3-1: Summarised results from natural population analysis (NPA) performed for various conceivable in-situ ligand 
exchange products RubbipPtX (X=F2, Cl2, Br2, I2, Cl+OMe or (OMe)2). Lowest positive total charge at the Pt centre and 
additionally highest electron density in the valence Pt(5dz) orbital was found for RubbipPtI2 (bolded).

X natural charge at Pt/ a.u. orbital occupancy / a.u. orbital energy / H

5dz² 1.88286 -0.27445
6dz² 0.00637 +0.52398F2 +0.55752
7dz² 0.00082 +1.58222
5dz² 1.91883 -0.28754
7dz² 0.00143 +1.48759Cl2 +0.39995
6dz² 0.00155 +0.36279
5dz² 1.92667 -0.28761
7dz² 0.00237 +1.29836Br2 +0.35160
6dz² 0.00130 +0.35226
5dz² 1.93442 -0.28472
7dz² 0.00318 +1.30660I2 +0.25150

6dz² 0.00124 +0.50398
5dz² 1.89814 -0.27217
6dz² 0.00273 +1.01413Cl+OMe1) +0.46989
7dz² 0.00169 +1.08018
5dz² 1.90165 -0.27187
6dz² 0.00204 +1.04156Cl+OMe2) +0.47139
7dz² 0.00101 +1.46390
5dz² 1.88806 -0.25880
6dz² 0.00428 +0.85764(OMe)2 +0.52680
7dz² 0.00122 +1.78497

5d: Valence orbitals, 6d & 7d Rydberg orbitals (virtual)
a.u.: atomic units
H: Hartree
1) OMe in cis-position with respect to bridging ligand
2) OMe in trans-position with respect to bridging ligand

Ru
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Figure S3-12: Scheme of light induced processes in RubbipPt: Excitation by light energy leads to the transfer of electrons 
from the Ru photocentre via the bridging ligand to the Pt catalytic centre. Here protons are reduced to hydrogen. The 
electron deficiency at the Ru centre is restored by oxidation of triethylamine. 
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Abstract: We present a proof of concept that ultrafast

dynamics combined with photochemical stability information

of molecular photocatalysts can be acquired by electrospray

ionization mass spectrometry combined with time-resolved

femtosecond laser spectroscopy in an ion trap. This pump-

probe “fragmentation action spectroscopy” gives straightfor-

ward access to information that usually requires high purity

compounds and great experimental efforts. Results of gas-

phase studies on the electronic dynamics of two supramolec-

ular photocatalysts compare well to previous findings in

solution and give further evidence for a directed electron

transfer, a key process for photocatalytic hydrogen generation.

To develop more efficient molecular photocatalysts, insight

into their intrinsic photophysical properties is of utmost

importance. Gathering information on the lifetimes and

localization of the excited states involved in electron transfer

processes usually requires high purity compounds for studies

in solution such as in resonance Raman and transient

absorption (TA) spectroscopy. Since the chemical stability

of the photocatalyst is crucial for overall performance,

corresponding studies with methods like dynamic light

scattering (DLS), transmission electron microscopy (TEM),

and X-ray absorption spectroscopy need to be performed.[1,2]

These investigations are vital; however, they are also time-

consuming and require larger amounts of samples and

therefore encumber the urgently needed fast and efficient

research for sustainable energy sources.[3] Herein, we show by

comparing new gas-phase studies on Ru-Pt [(tbbpy)2Ru-

(tpphz)Pt(Cl)2]
2+, (tbbpy= 4,4’-di-tert-butyl-2,2’-bipyridin,

tpphz= tetrapyrido[3,2-a:2’3’-c:3’’,2’-h:2’’’,3’’’-j]phenazine)

and Ru-Pd ([(tbbpy)2Ru(tpphz)Pd(Cl)2]
2+ (Figure 1) to solu-

tion-phase results that pump-probe fragmentation action

spectroscopy is a powerful tool for unraveling a multitude

of relevant properties in one step.

Zewail et al. were the first to apply time-resolved photo-

fragmentation (PF) spectroscopy to small, jet-cooled mole-

cules for the study of bond-breaking on a picosecond (ps)[4]

and femtosecond (fs)[5] time-scale. Recently, Zavras et al.,

further emphasized the combination of mass spectrometry

(MS) with gas-phase photochemistry for the elucidation of

reaction processes.[6] Inspired by this, we were eager to

broaden this approach and used electrospray ionization (ESI)

ion trap MS combined with UV laser photo-induced disso-

ciation, which allows the study of ultrafast electronic dynam-

ics by pump-probe PF.[7, 8] Herein, we show that pump-probe

fragmentation action spectroscopy is an extremely powerful

tool for unraveling a multitude of relevant properties in one

step, by comparing the gas-phase studies with solution-phase

results that have been gathered over the last decade.[9–12]

Spectroscopic investigations of the excitation and charge-

transfer processes in solution were performed by fs TA

spectroscopy.[9, 10] Photoactivation proceeds in three steps:

1) Charge localization on the phenanthroline (phen) sphere,

2) ILCT (intra-ligand charge transfer) to form a phenazine-

centered (phz) state, and 3) electron transfer to the catalytic

Figure 1. Schematic structure of Ru-M (M=Pt, Pd) and time constants

of excited-state dynamics from previous solution experiments of Ru-

Pt/Ru-Pd.[9, 10] .
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center (LMCT; ligand-to-metal charge transfer). Time con-

stants for these processes are nearly identical for Ru-Pd and

Ru-Pt (Figure 1).[9, 10] However, the photocatalytic perfor-

mance of Ru-Pd [turnover number (TON)� 234] is much

higher than that of Ru-Pt (TON� 10).[10, 11] Moreover, it

became apparent that the low photostability of Ru-Pd leads

to formation of Pd colloids, which may act as catalytically

active species in solution, whereas Ru-Pt did not decom-

pose.[10, 11]

In the ESI-MS experiments, the main mass peaks are m/

z 600.0 forRu-Pd andm/z 644.0 forRu-Pt, which correspond

to the doubly charged complexes, verified by spacing and

isotopic intensity distribution (Supporting Information, Fig-

ure S1). Upon collision-induced dissociation (CID), the

formal loss of MCl2 was found to be the major fragmentation

channel (80% for Ru-Pd and 60% for Ru-Pt, Supporting

Information, Figure S2 and Table S1). PF experiments (range

240–480 nm) were carried out to study the intrinsic response

of the complex ions under irradiation. Their PF behavior is

similar to results obtained by CID (Table S1), however, Ru-

Pd exhibits a higher PF yield compared to Ru-Pt (under

identical ESI conditions; Supporting Information, Figure S3),

which is in line with the lower photostability of Ru-Pd under

catalytic conditions.[10, 11] This is also supported by DFT

calculations yielding a Gibbs free energy (at RT) of

181 kJmol�1 for Ru-Pd and 250 kJmol�1 for Ru-Pt for the

respective RuMCl2!Ru+MCl2 fragmentation channel,

assuming singlet configuration of the parent compounds and

fragments. The gas-phase PF spectra compare relatively well

with the absorption spectra recorded in solution (Figure 2).

However, three differences are obvious: First, at approx-

imately 310 nm a strong absorption band is visible in the PF

spectra for both compounds, while only a weak shoulder is

present in the solution spectra at 320–330 nm. The band at

approximately 310 nm can be assigned to a phen/tpphz-

centered p–p* transition,[13] as recent TD-DFT calculations

resulted in an assignment of the 328 nm shoulder in acetoni-

trile to an overlap of three transitions of p*tpphz

!

ptpphz,dPd,nCl,

p*tpphz

!

dPd/Pt,nCl, and p*tpphz

!

dPd/Pt,nCl,ptpphz character.[10]

Excitation of the bridging tpphz ligand may lead to a high

PF yield in the gas phase, as it is positioned closer and is thus

probably better coupled to the PdCl2/PtCl2 formal leaving

group. Second, we notice a weak and structureless charge

transfer (CT) band region (> 400 nm) for both complexes in

the gas phase. Weak CT bands were also observed for other

RuII complexes and explained in terms of collisional quench-

ing of long-lived photoexcited or highly vibrationally excited

ions by helium buffer gas in the ion trap.[7] Furthermore, the

photon energy at 440 nm corresponds to circa 272 kJmol�1,

which complies with the calculated dissociation thresholds

(RuMCl2!Ru+MCl2). Thus, at longer wavelength either

only ions from the high-energy tail of the Boltzmann

distribution contain enough energy for dissociation or two

photons have to be absorbed prior to dissociation. This is

supported by the laser power dependence of the PF signal

(Supporting Information, Figure S4). Lastly, we do not

observe the narrow additional features in the PF spectrum

of Ru-Pd, which are present in the liquid-phase spectrum

(350–400 nm). Based on TD-DFT calculations, this absorp-

tion band in theRu-Pd spectrumwas attributed to a transition

of mixed p*tpphz

!

ptpphz/p*tpphz

!

dPd/p*tpphz

!

nCl character.
[10]

A similar transition was calculated for Ru-Pt, however, with

a bathochromic shift to 407 nm (from Ru-Pd to Ru-Pt) and

a parallel decrease in intensity, explaining the less structured

solution absorption spectrum for Ru-Pt.[10] Due to the

relatively low intensity of this band in solution, the broad

spectral bandwidth of our fs pulses (ca. 8–10 nm FWHM in

a range of 350–400 nm) and the non-linear nature of the

performed action spectroscopy, we do not consider the slight

differences in the gas-phase CT bands of Ru-Pd and Ru-Pt

significant for a further interpretation.

Excited-state dynamics and pump-probe anisotropy were

measured for both complexes by recording time-resolved PF

transients generated by two-color photoexcitation (details

given in Supporting Information).

The transient signal of Ru-Pt (Figure 3) decays within

approximately 15 ps to a near constant level that is main-

tained for more than 800 ps (max. delay). The signal was fitted

to a triexponential decay of t1= 0.6� 0.1 ps, t2= 6.5� 1.3 ps,

and t3@ 800 ps. The time constants t1 and t2 compare well to

the values obtained by TA in acetonitrile (0.5 ps, 4.2 ps, and

320 ps).[10] The value for t3, attributable to a LMCT from the

tpphz bridge to the Pt center, is much higher than the one

reported in solution. For Ru-Pd, TA measurements showed

a strong dependence of the LMCT time constant on solvent

polarity,[9] which increases from 320 ps (MeCN) to 740 ps

(CH2Cl2). Hence, we assume that the driving force for

generating a strongly charge-separated state will be even

smaller in the gas phase, resulting in a longer lifetime.

Transient anisotropy (theoretical considerations in the

Supporting Information, p. 20 ff.) was determined by record-

ing the transients of Ru-Pt at parallel (Ik(t)) and perpendic-

ular (I?(t)) relative polarization of pump and probe laser

pulses (Figure 4a).

Ik(t) exhibits a strong increase and subsequently decays

within circa 15 ps, while for I?(t) the increase is smaller and

Figure 2. Gas-phase UV/Vis photofragmentation spectra (red) and

normalized absorption spectra in acetonitrile solution (c=1�10�5
m)

(black) of a) Ru-Pt and b) Ru-Pd. Pump wavelength (440 nm) for time-

resolved experiments marked by arrows.
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after a short (1–2 ps) decay the transient rises to coincide with

Ik(t) after circa 15 ps (Figure 4a). This polarization depend-

ence points towards molecular alignment by photoexcitation

followed by rotational dephasing.[14,15] From the experimental

transients the anisotropy function r(t) was calculated [Fig-

ure 4b, Eq. (S1)]. The initial anisotropy r(t= 0)= r0= 0.31�

0.04 has a value smaller than expected for a parallel

orientation of the transition dipole moment (TM) for the

pump (S1

!

S0, mpump) and probe (Sn

!

S1, mprobe) electronic

transitions [0.4 for (1+ 1’) and 0.57 for (1+ 2’) excitation].

From the experimental value of r0 we obtain an angle of 22.88

and 33.58 between the pump and probe TMs for a (1+ 1’) and

(1+ 2’) photon process, respectively. If the latter process

would apply to our results, its value of 33.58 could be

interpreted as the angle between the TM for the primary
1MLCT excitation (RuII to tbbpy ligand) and the TM for the

excited state absorption of the quickly formed 3MLCTtpphz

state. Based on this analysis of our data on Ru-Pt, we infer

that, even if we assume an initial excitation and charge

distribution over both tbbpy ligands, the charge ends up

eventually on the tpphz bridging ligand.

Moreover, from r(t) (Figure 4b) we obtain an anisotropy

decay time (dephasing time of the rotational coherence) of

circa 15 ps. The time for reaching the minimum anisotropy

value (tdephas) can be estimated from the molecular moments

of inertia and the temperature T of the ensemble [Eq. (S22),

Supporting Information]. It was found to be tdephas= 15.1 ps

(rotation around y-axis; Supporting Information, Figure S11),

tdephas= 15.4 ps (z-axis), and tdephas= 7.3 ps (x-axis), which

agrees with the experimental data upon assumption of an x-

axis alignment. We calculated time-resolved orientational

correlation functions of the TMs (see Supporting Informa-

tion, p. 19 ff) assuming that the TMs are oriented along one of

the molecular axes.[16] The simulation based on an orientation

of the TM along the x-axis is in good agreement with our data

(Figure 4b). Since Ru-Pt (and Ru-Pd) represents a near

prolate top (Ix< Iy� Iz ; Supporting Information, Table S3),

the rotational dynamics of the x-axis aligned TM is deter-

mined by rotational motion along the perpendicular y- and z-

axes. Thus, the assigned x-axis (tpphz-axis) orientation of the

TM supports the estimation of tdephas above and confirms the

pump-induced ultrafast charge localization on the tpphz

bridge.

ForRu-Pd quite similar ultrafast electronic and rotational

dynamics were found (a thorough discussion of the transient

PF and anisotropy data is given in the Supporting Informa-

tion, p. 9 ff.). The obtained time constants are t1= 0.9� 0.4 ps,

t2= 6.9� 2.1 ps, and t3@ 800 ps with t1 and t2 closely match-

ing reported solution results but t3 having a much higher

value. Analysis of the respective anisotropy function also

suggests the fast formation of a tpphz-centered excited state.

In analogy to results published by W�chtler et al. ,[12] we

started transient photofragmentation measurements on both

systems (Ru-Pt and Ru-Pd) at a longer pump wavelength

(480 nm). This should involve an additional transition onto

the phen unit of the tpphz bridge.[12] Our preliminary results

confirm the previously reported acceleration of the sub-ps

dynamics, when exciting at longer wavelengths.[12] Further-

more, the initial anisotropy determined from polarization-

dependent measurements amounts to r(t= 0)= r0= 0.40�

0.04, giving a more parallel orientation of the pump and

probe TMs and thus a more directed CT onto the bridging

ligand. This is in accord with previous studies on the

excitation-wavelength-dependent catalytic activity of Ru-

Pd, which exhibited higher photon-to-hydrogen conversion

efficiency for photons of longer wavelength, correlated with

relative resonant Raman band intensities of the tpphz

bridging ligand.[17] These preliminary results are presented

in the Supporting Information (cf. p. 7 f. and p. 11 f.).

We studied the photo-induced fragmentation of two

hydrogen-generating supramolecular photocatalysts (Ru-Pt

and Ru-Pd) in an ion trap, leading to the first gas-phase UV/

Vis spectra that serve as references for future ab initio

Figure 3. Normalized transient total fragment ion intensity of Ru-Pt

recorded at the magic angle; lpump=440 nm (1 mJ) and

lprobe=1200 nm (60 mJ). Decomposition of fit plotted.

Figure 4. a) Normalized transient total fragment ion intensity of Ru-Pt

at parallel (cyan) and perpendicular (dark blue) relative polarization of

pump and probe pulses; lpump=440 nm (1 mJ) and lprobe=1200 nm

(60 mJ). b) Anisotropy function r(t) calculated from data of Figure 4a.

Simulations: T=310 K, transition dipole moments parallel to x-, y-, or

z-axis; rotational constants from DFT calculation (Table S3).
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calculations. We observed an intrinsically lower photostability

of Ru-Pd, which is in agreement with previous studies.[10,11]

Furthermore, we recorded the intrinsic photodynamics of the

two compounds, as summarized in Figure 5.

In analogy to the processes taking place in solution, the

probe pulse leads to a 1MLCT excitation based on the tbbpy

ligands, followed by ultrafast intersystem crossing on a sub-

100 fs timescale to form a 3MLCT state delocalized over the

RuII ligand sphere.[12] The latter process is not observed in this

study owing to the limited time resolution (of ca. 100 fs). This

triplet state converts to a phen-based 3MLCTphen within 1 ps

followed by an ILCT process leading in less than 7 ps to a phz-

based state (ILCTphz) that, by a slow LMCT (@ 800 ps),

populates a state located on the catalytic metal center M.

Time constants are similar to those obtained in solution, apart

from t3, which is shorter in solution probably owing to a better

stabilization of the charge-separated state. Gas-phase tran-

sient anisotropy and the PF behavior of the compounds

strongly support energy transfer to the catalytic metal center

initiated by a fast and directed electron transfer on the tpphz

bridge.

We conclude that ion trap PF experiments allow for

valuable insights into the intrinsic spectroscopic and dynamic

properties and stability of RuII-based photocatalysts. The

method provides information on a molecular level with

unparalleled detail and efficiency that can be a stepping stone

to facilitate the fast optimization of supramolecular photo-

catalysts by theory-derived rational design.
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Antoine, P. Maitre, R. J. Mulder, S.-A. Alexander, V. Bonačić-
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Figure 5. Summary of ultrafast electronic dynamics and rotational

motion of Ru-M (M=Pt, Pd) by transient photofragmentation in the

gas phase. Orientation of the transition dipole moments for the pump

(blue, dashed) and probe (red, solid) absorption process marked by

arrows. Only the most abundant neutral loss (MCl2) after photo-

fragmentation and collision-induced dissociation (CID) is given.
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Experimental Procedures & Computations 

Materials The doubly charged cationic complexes Ru-Pt and Ru-Pd were generated by electrospray ionization from solutions of the 
corresponding neutrals/salts [Ru-Pt](PF6)2 and [Ru-Pd](PF6)2 in acetonitrile. Synthesis and characterization of the complexes [Ru-
Pt](PF6)2 and [Ru-Pd](PF6)2 were reported elsewhere.[1-2] Acetonitrile of HPLC gradient grade was purchased from LGC Standards 
GmbH. 

ESI-MS and CID Electrospray ionization mass spectrometry (ESI-MS) was performed using a modified Paul-type quadrupole ion trap 
ESI mass spectrometer (amaZon Speed, Bruker Daltonics) in positive ion mode. Modifications to the ion trap allows for laser 
irradiation of the trapped ions (see below). The scan range was m/z 50-1000 with a scan speed of 32.500 m/z per s (0.3 FWHM) in 
ultrascan mode. Continuous infusion of the sample solutions (c=5·10-7 M) into the ESI chamber was carried out by a syringe pump at 
a flow rate of 120 µL/h. Nitrogen as drying gas was set to a flow rate of 3.5 L/min at 180°C. The nebulizer pressure was set to 4 psi 
(280 mbar) and the electrospray needle was typically held at 4.5 kV. The pressure of helium in the ion trap is estimated to be ca. 10-3 
mbar, resulting in ca. 10-100 collisions/ms. 

In order to initiate collision-induced dissociation (CID) a resonance excitation signal was applied to the endcaps of the quadrupole ion 
trap accelerating the trapped precursor ions which then undergo multiple collisions with the helium buffer gas and eventually form 
fragments. 

Static and transient UV/Vis photofragmentation and anisotropy measurements For photofragmentation (PF) experiments the 
mass spectrometer was coupled with a femtosecond (fs) laser. The fs laser pulses were generated in a Wyvern 1000TM cryogenic 
ultrafast regenerative laser amplifier system (KMLabs). The oscillator stage was pumped by an Opus 532 DPPS laser, whereas for 
the amplifier stage a frequency doubled Nd3+:YAG laser (LDP-200MQG, Lee Laser) was utilized. The amplifier crystal was 
cryogenically cooled by a PT90 cryostat equipped with a CP950 helium compressor (Cryomech). The generated pulse train (∼4 W, 
981 Hz, ∆τ∼50 fs) was split in order to pump two separate optical parametric oscillators (OPA). These TOPAS-C (Light Conversion) 
systems were used as source of tunable radiation (240 to 2600 nm). The probe pulses (λprobe=1200 nm, energy ∼60 µJ/pulse) from 
one of the OPAs were temporally delayed with respect to the pump pulses (λpump ∼400–500 nm, energy ∼1 µJ/pulse) from the other 
OPA using a retroreflector mounted on a single axis delay stage. Scan speed was adjusted for equidistant steps of typically 100 fs–2 
ps (depending on the total delay). The angle between the linear polarization of the pump and probe pulses was adjusted by a Berek 
compensator, located in the OPA output beam path of the pump pulses. The pump and probe pulses were spatially overlapped and 
focused into the center of the Paul ion trap by a f=50 cm lens, yielding pump and probe beams of ca. 1 mm in diameter. Each isolated 
portion of ions was irradiated by 50 pump/probe pulse pairs for transient experiments and 150 pulses for recording of one-color PF 
spectra. The transient PF signals were recorded as extracted ion chromatograms while continuously varying the delay between the 
pump and probe pulses. Evaluation of the transient signals was performed by calculation of the fragment yields Yi as Yi=Fi/(Fi+Pj), 
where Fi and Pj are the sums of the intensities of the fragment and parent ion signals, respectively. 

The pump-probe fragmentation action method is based on interrogating the population of a resonantly excited (pump step) molecular 
ensemble, e.g. excited into a S1 state, by probe laser absorption (probe step: inducing a further Sn←S1 transition) accompanied by an 
increase in fragmentation yield. The molecules do not necessarily fragment directly from the respective Sn state, but later-on after 
internal conversion from the highly vibrationally excited ground electronic state. This fragmentation takes place in parallel with 
quenching collisions by the ion trap gas He on a µs to ms time scale. The increase in fragmentation rate and yield (and thus the 
observed increased fragment ion intensity) stems from the increase in internal energy of the molecules after pump+probe excitation 
with respect to pump-only excitation. Noteworthy, the probe process is not controlled to be resonant (NIR radiation of ca. 1200 nm is 
used, because this is not absorbed by the ground electronic state) and probably of multi-photonic character; its underlying transitions 
to higher-lying electronic states are in general not assigned and depend on the molecular system under study. However, when the 
molecular system undergoes vibronic relaxation processes (e.g., IC, ISC) the cross section for the probe laser pulse is altered 
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between the different states and more specific a decrease of the NIR probe cross section upon formation of lower lying electronic 
states is observed. This is attributed to three effects: 1) a dilution of population due to formation of several vibronic states, 2) a loss of 
propensity, i.e. Franck-Condon overlap, for these vibronic states towards higher-lying electronic states, and 3) the multiphoton 
character of the NIR probe absorption which makes transitions from lower electronic states less likely. This was observed for several, 
different metal-ligand complexes and processes, e.g. for IC,[3-4] for ISC,[5-6] for vibrational wavepacket dynamics[7] and found in good 
agreement with other pump-probe methods (e.g. transient absorption, time-resolved photoelectron spetroscopy). Moreover, a similar 
discussion of the pump-probe fragmentation action signals was presented in Kang et al.[8] and Nolting et al.[9] 

The transient PF spectra were fitted by a convolution of a sum of exponentials augmented with the system response function 
obtained from the laser pulse cross-correlation using a fitting software[10] based on the MINUIT optimization package[11]: 
S(t)=ΣiAi(exp(-t/τi)*g(t,t0,tp)) (τi decay time constants, t0: time zero, tp: fwhm of cross correlation). PF spectra were obtained by setting 
the laser pulses to the according wavelengths and measuring the intensity of the parent ion and the sum of the fragment ions. The 
fragment yield was calculated according to Fi/(Fi +Pj), where Fi and Pj are the sums of the intensities of the fragment and parent ion 
signals, respectively, and normalized additionally at each individually set wavelength through division by its numeric wavelength 
value to account for the different photon energies at constant laser pulse fluence (typical pulse energy: ca. 1 µJ). 

The cross correlation function (ccf), as a measure of the system response function, was obtained by monitoring the multi-photon 
ionization yield of furan (C4H4O) in the ion trap.[12] A typical value for the FWHM of the ccf at 440 nm (pump)/1200 nm (probe) is ∼130 
fs. 

Polarization dependence of transient signals in the gas phase forms the basis of rotational coherence spectroscopy (RCS)[13-15] and 
allows for analysis of the recurrences of molecular alignment and rotational dephasing. When the probe laser pulse is applied with a 
varied time delay, it will firstly map out the rotational dephasing of the original anisotropic distribution, which is based on the breadth 
of the populated rotational states and scales with (B*·T)-1/2, where B* represents a characteristic rotational constant and T the 
absolute temperature. 

For transient anisotropy measurements the time-dependent signals were recorded at parallel (I∥(t)) and perpendicular (I⊥(t)) pump-
probe polarization. The resulting transients were background corrected and normalized to unity (at ∼40 ps positive time delay) and 
used to calculate the respective anisotropy function r(t) (Equation S1): 
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This method of analysis was adapted from time resolved fluorescence anisotropy (TR-FA) in solution[16-17] and has already been 
successfully applied in gas phase experiments.[7, 18] The anisotropy function reflects the dynamics of rotational dephasing, which 
contains information on the molecular structure, orientation of the transition dipole moment (TM) and temperature of the sample. 

Static UV/Vis absorption spectra in acetonitrile solution (c=1·10-5 M) at room temperature were recorded using a Lambda 950 
photospectrometer (PerkinElmer). 

Computations Geometry optimizations and vibrational frequencies for the singlet ground states of the investigated molecular 
species employing analytical gradient techniques were performed by density functional theory (DFT) calculations with Gaussian09[19] 
using the B3LYP[20-21] gradient-corrected exchange-correlation functional combined with the 6-311G** basis set for C, H, N, O, Cl and 
the LanL2DZ ECP basis set for Ru, Pt and Pd.[22-23]  
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ESI-MS and CID studies 

 

FigureS1. Mass signals of Ru-Pt (a) and Ru-Pd (b); respective simulated isotope pattern are shown below. 
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FigureS2. Mass spectrum of fragment ions formed by collision induced dissociation of Ru-Pt (a) and Ru-Pd (b). Shaded areas denote the position of the 
respective undissociated parent compounds. Overview of identified fragment ions is given in Table S1. 

One-color photofragmentation: fragment channels, yields and spectra 

Table S1. Relative yields of fragmentation channels (by CID and PF) of Ru-Pd and Ru-Pt. 

 m/z Assigned formula Loss 
CID yield at 1.5 

V amplitude / % 

PF yield (290 

nm, 1µJ) / % 

Ru-Pd 600.0a) [(C60N10H60)RuPdCl2]
2+ - - - 

 582.0 No exact assignment probably Cl* 1 0.4 

 564.5 [(C60N10H60)RuPd]2+ Cl2  1.7 

 528.0 [(C60N10H60)RuCl1]
2+ PdCl 3 1.3 

 511.0 [(C60N10H60)Ru]2+ PdCl2 78 50.8 

 503.1 [(C59N10H56)Ru]2+ PdCl2/ CH4
b) 10 4.2 

 496.1 [(C58N10H54)Ru]2+ PdCl2/ C2H6
b) 5 2.1 

 488.1 [(C57N10H50)Ru]2+ PdCl2/ C2H6/ CH4
b) 1 0.6 

Ru-Pt 644.0a) [(C60N10H60)RuPtCl2]
2+ -   

 636.0 [(C59N10H56)RuPtCl2]
2+ CH4 - 0.7 

 628.5 No exact assignment C2H6 or 2x CH4
b) 1 0.2 

 511.0 [(C60N10H60)Ru]2+ PtCl2 62 23.3 

 503.1 [(C59N10H60)Ru]2+ PtCl2/ CH4
b) 20 3.9 

 496.1 [(C58N10H54)Ru]2+ PtCl2/ C2H6
b)

 10 2.3 

 488.1 [(C57N10H50)Ru]2+ PtCl2/ C2H6/ CH4
b)

 3 0.7 

 481.1 [(C56N10H50)Ru]2+ PtCl2/ 2 C2H6
b)

 2 0.4 

a) precursor ion signal (cf. Figure S1), b) CH4 are C2H6 probably formed by elimination from the tbbpy-ligands of the Ru(II)-chromophore 
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FigureS3. UV/Vis PF spectra of Ru-Pt (blue triangles) and Ru-Pd (red circles). Data points were connected using a Spline interpolation. Spectra were recorded at 
1.0 µJ using 150 laser pulses per ion cloud. 
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FigureS4. Intensity dependent total PF efficiency of Ru-Pt (a) and Ru-Pd (b) by one-color photoexcitation at 440 nm. Individual slopes of the linear fits are 
denoted as n. Dashed vertical line represents the pump intensity used in transient experiments (1 µJ). 

As discussed (cf. main text), Ru-Pd exhibits a larger PF efficiency as Ru-Pt. The double logarithmic plot of the PF yield vs. the pump 
pulse intensity implies a photoexcitation process of higher order for one-color (pump only) PF, i.e. three or two photon absorption for 
Ru-Pt or Ru-Pd, respectively. The one color (pump only) fragmentation at the pump intensity used for transient experiments (1µJ, 
dashed vertical line)) is negligible (>>1%) compared to the two color (pump-probe) signal, which is up to 8% and 11% for Ru-Pt and 
Ru-Pd, respectively. Based on this result and the value of the anisotropy function at time zero (r0) it is reasonable to assume that the 
major fraction of ions contributing to the two-color (pump-probe) signal in transient experiments have absorbed only one photon 
during the initial (pump) excitation process. 
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Pump-probe anisotropy and excited state dynamics of Ru-Pt excited at 480 nm 

In analogy to previously published investigations of the wavelength dependent excited state dynamics of Ru-Pd in solution by 
transient absorption spectroscopy[24], we performed transient pump-probe photofragmentation measurements on both systems (Ru-

Pt and Ru-Pd) by excitation at 480 nm. Note that one-color photoexcitation at 480 nm (cf. Figure S3) gives only a small 
fragmentation yield, resulting also in a smaller pump-probe signal, compared to excitation at 440 nm. Therefore, higher pump pulse 
intensities (1.5 µJ) were used to achieve fragmentation efficiency comparable to excitation at 440 nm (1.0 µJ). Since technically the 
wavelength of 480 nm is close to the edge of the non-linear mixing scheme of the used optical parametric generator (TOPAS), a 
lower pulse-to-pulse stability and thus a smaller signal/noise is obtained for the recorded transient data. The following discussion of 
the data obtained by excitation at 480 nm is preliminary, as a thorough theoretical investigation of the compounds in gas phase is still 
missing for in depth analysis. 

 

FigureS5. Normalized transient total fragment ion intensity of Ru-Pt recorded at the magic angle; λpump=480 nm (1.5 µJ) and λprobe=1200 nm (60 µJ). 
Decomposition of fit plotted. 

Figure S5 depicts the transient signal for Ru-Pt recorded for a total time delay of 800 ps at the magic angle, following excitation at 
480 nm, i.e. the red edge of the broad charge transfer band. In general, the recorded transient is similar to the signal obtained by 
excitation at 440 nm (center of the charge transfer band). The signal was fitted to a triexponential decay of τ1=0.4±0.2 ps, τ2=4.3±2.7 
ps and τ3>>800 ps, which, within experimental uncertainty is close in value to the decay constants we obtained for excitation at 440 
nm (τ1=0.6±0.1 ps, τ2=6.5±1.3 ps and τ3>>800 ps). The two fast time constants (τ1, τ2) are slightly smaller at longer pump pulse 
wavelength. An acceleration of the initial ultrafast processes was reported by Wächtler et al. in a wavelength dependent study on the 
sub-picosecond excited state dynamics of Ru-Pd applying transient absorption spectroscopy with high time resolution (sub-20 fs).[24] 
In that report, two ultrafast processes were found to describe the temporal evolution of the transient signal within one picosecond: a 
sub-100 fs process (τW1) ascribed to hot triplet state formation following initial population of the excited singlet state and a sub-1 ps 
(~0.5 ps) process (τW2) corresponding to an inter-ligand charge transfer resulting in a formation of a triplet state mainly localized on 
the phenantroline moiety of the tpphz-bridging ligand. Both processes appear to speed up by excitation at longer wavelengths, 
dropping from τW1=85 fs to 44 fs and τW2=553 fs to 407 fs using 500 nm instead of 450 nm for pumping. As our experimental setup 
lacks the required temporal resolution, we can neither detect this initial step (τW1), nor comment on any wavelength dependence of 
this process. The slower process (τW2) reported by Wächtler et al., however, corresponds to the shortest time constant that have 
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obtained from our measurements (τ1) and for which we report a decrease in value at longer wavelength excitation (0.4 ps vs. 0.6 ps 
at 480 nm vs. 440 nm). Wächtler et al. proposed, based on TD-DFT calculations reported in [1, 24], that longer wavelength excitation 
in the broad charge transfer band region of Ru-Pd (and Ru-Pt) should result in population of a mainly phenantroline centered state, 
whereas for excitation at shorter wavelengths (e.g. 450 nm used in their experiments) a larger contribution of excitation of the tbbpy 
ligands is expected. Thus the ultrafast process associated with the relaxation into mainly phenantroline centered 3MLCT states 
(involving ILET from Ru→tbbpy 3MLCT states) proceeds faster the smaller the contribution from Ru→tbbpy 3MLCT states, i.e. the 
longer the excitation wavelength. We tentatively apply the same reasoning for the decrease of the first time constant from our 
measurements. The observed decrease of the second time constant (4.3 ps vs. 6.5 ps at 480 nm vs. 440 nm), however, requires 
further investigation. This process was assigned to intra-ligand charge transfer resulting in a relaxation of the phenantroline centered 
3MLCT state to a phenazine centered state and is observed for both excitation wavelengths (480 nm and 440 nm). Excitation at 440 
nm (with respect to 480 nm), however, provides a significant amount of excess energy to the molecular system stored in vibrational 
modes. This would result in the formation of a more vibrationally excited phenantroline centered 3MLCT state prior to relaxation by 
ILCT to the phenazine centered state. One would deduce from this observation, that coupling between the phenantroline centered 
and the phenazine centered state is worse the higher the degree of vibrational excitation of the former state, but this also requires 

more quantum chemical calculations and maybe also further experiments in solution. 

The results of polarization dependent experiments for Ru-Pt using an excitation wavelength of 480 nm are shown in Figure S6. 

 

FigureS6. a) Normalized transient total fragment ion intensity of Ru-Pt at parallel (cyan) and perpendicular (dark blue) relative polarization of pump and probe 
pulses; λpump=480 nm (1.5 µJ) and λprobe=1200 nm (60 µJ). b) Anisotropy function r(t) calculated from data of Figure S6a. Simulations: T=310K, TM parallel to x, y 
or z axis; rotational constants from DFT calculation (Table S3). 

In general the transients (Figure S6a) recorded at either parallel or perpendicular relative polarization orientation between the pump 
and probe pulses exhibit a similar behavior when exciting at 480 nm instead of 440 nm. The relative intensities, however, are slightly 
different, with signal intensity I∥(t) being higher and I⊥(t) lower with respect to the signals we recorded at 440 nm. This results in a 
larger initial anisotropy value of r(t=0)=0.40±0.04 (Figure S6b), which is in line with a parallel orientation of the transition dipole 
moments (TM) for the pump and probe electronic transitions assuming a (1+1’) absorption process. Assuming instead a (1+2’) 
process, we obtain an angle 26.6° between the TMs in analogy to the analysis performed for the data obtained by excitation at 440 
nm. A value of r(t=0)=0.40 is in agreement with theoretical considerations that at longer excitation wavelengths an excited state is 
quickly populated, which is mainly located on the bridging ligand and thus the corresponding pump TM is peaking along the long 
molecular axis (x axis).  
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Pump-probe anisotropy and excited state dynamics of Ru-Pd excited at 440 nm and 480 nm 

As the absorption spectra for Ru-Pt and Ru-Pd are very similar, the same wavelength (440 nm) for the pump pulses was chosen for 
the excitation of Ru-Pd in the gas phase. Figure S7 depicts the transient signal for Ru-Pd recorded for a total time delay of 800 ps at 
the magic angle. Similar to the transient recorded for Ru-Pt, the signal exhibits an ultrafast rise on a timescale comparable to the 
estimated system response. Then the signal decays significantly within the first 20 ps, followed by a more pronounced decay of the 
long lived component by ∼45 % within 800 ps. The transient could be fitted to a triexponential decay of τ1=0.9±0.4 ps, τ2=6.9±2.1 ps 
and τ3>>800 ps. 

 

FigureS7. Normalized transient total fragment ion intensity of Ru-Pd recorded at the magic angle; λpump=440 nm (1 µJ) and λprobe=1200 nm (60 µJ). 
Decomposition of fit plotted. 

The two small time constants compare relatively well to the values found for Ru-Pd by transient absorption spectroscopy in solution 
(τ1=0.8 ps and τ2=5 ps),[25] whereas a precise value for the large time constant could not be determined from our experiments due to 
technical constraints in the maximum time delay. Compared to the value for τ3 obtained from transient absorption studies (310 ps)[25] 
the lifetime in vacuo is apparently much longer, which can also, as in the case of Ru-Pt, be attributed to the lack of solvent 
stabilization and thus a reduced driving force for the formation of the charge separated LMCT state. 
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Comparing the transients recorded for parallel and perpendicular pump-probe polarization (Fig. S8a) a strong similarity in shape is 
apparent, as both show a very fast initial rise and a pronounced decay within ∼15-20 ps. This result is in contrast to Ru-Pt (Fig. 4a). 
Similar to Ru-Pt, the calculated anisotropy function r(t) (Fig. 8b) has an initial value of r0=0.32±0.01, however, decays within ∼15-20 
ps, although the calculated dephasing time (Iy=8.341·10-43 kgm2, T=310 K) is with ∼14 ps predicted to be slightly shorter for Ru-Pd 
than for Ru-Pt. Additionally, we have calculated the time-dependent rotational correlation functions for Ru-Pd for TM orientations 
along the x, y and z axis (Fig. 8b). In difference to Ru-Pt, the simulation for Ru-Pd assuming that the transition dipole moments are 
directed along the x-axis (Fig. 8b, black curve; tpphz axis) does not match the experimental data as perfectly and predicts faster 
anisotropy decay within 7.5-15 ps. 

 

FigureS8. a) Normalized transient total fragment ion intensity of Ru-Pd at parallel (cyan) and perpendicular (dark blue) relative polarization of pump and probe 
pulses; λpump=440 nm (1 µJ) and λprobe=1200 nm (60 µJ). b) Anisotropy function r(t) calculated from data of Figure S8a. Simulations: T=310K, TM parallel to x, y or 
z axis; rotational constants from DFT calculation (Table S3). 

In an attempt to rationalize this discrepancy, collisional depolarization can be ruled out. It universally slows the anisotropy decay 
down (see, e.g., Ref. [26]) but the probability of collisions of Ru-Pd with helium atoms is negligible on a ∼10 ps timescale for the 
present experiment. On the other hand, we observed that the shape and decay time of r(t) for Ru-Pd depended strongly on the 
intensity and focusing of the probe laser pulse whereas that for Ru-Pt (measured in parallel) did not change much. This is attributed 
to the non-linear laser intensity dependence of the probe process which contains signal contributions from both the primary 
electronically excited (1MLCTtbbipy/

1MLCTphen decaying to 3MLCTtbbipy/
3MLCTphen within <100 fs) and the ensuingly formed electronically 

excited state (3MLCTtpphz) as described in the discussion on the dynamics of Ru-Pt (cf. main text). Specifically, not only a reduction in 
the absorption cross section for the probe laser pulse, but also a change in the transitions polarization dependence (e.g., a switch 
from a parallel to a vertical transition) has to be taken into account. This would ascribe the stronger deviations at longer time delay to 
the formation of an electronically excited state exhibiting a different polarization dependence in probe process. Since this change in 
probing depends sensitively on the level structure of higher electronically states, it might be specifically encountered for one 
photocatalyst (Ru-Pd) but not for another one (Ru-Pt). The simulation of anisotropy beyond the weak-probe limit would require a 
proper generalization of the approach of Ref. [27]. 
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We have also performed measurements on Ru-Pd using a wavelength of 480 nm for excitation. The transient recorded at the magic 
angle is shown in Figure S9. 

 

FigureS9. Normalized transient total fragment ion intensity of Ru-Pd recorded at the magic angle; λpump=480 nm (1.5 µJ) and λprobe=1200 nm (60 µJ). 
Decomposition of fit plotted. 

The transient of Ru-Pd at 480 nm is similar to the signal obtained at 440 nm pump wavelength and could be fitted applying a 
triexponential decay model yielding three decay constants (τ1=0.6±0.4 ps, τ2=5.8±3.5 ps and τ3>>800 ps). Analogous to the observed 
acceleration of the electronic dynamics in the investigation of Ru-Pt, the fast time constants become slightly smaller when exciting at 
longer wavelengths. 
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The results of polarization dependent experiments for Ru-Pd using an excitation wavelength of 480 nm are presented in Figure S10. 

 

FigureS10. a) Normalized transient total fragment ion intensity of Ru-Pd at parallel (cyan) and perpendicular (dark blue) relative polarization of pump and probe 
pulses; λpump=480 nm (1.5 µJ) and λprobe=1200 nm (60 µJ). b) Anisotropy function r(t) calculated from data of Figure S10a. Simulations: T=310K, TM parallel to x, y 
or z axis; rotational constants from DFT calculation (Table S3). 

The polarization dependent transient data recorded for Ru-Pd using an excitation wavelength of 480 nm exhibit similar behavior to 
that observed for Ru-Pt. Compared to the signal intensity obtained at 440 nm, signal intensity at 480 nm recorded for a parallel 
relative linear polarization orientation I∥(t) is slightly higher, whereas I⊥(t) is lower (Figure S10a), resulting ultimately in a higher 
calculated initial anisotropy of r0=0.40±0.04 (Figure S10b). We observed the same behavior of the polarization dependent transients 
for Ru-Pt, where excitation at 480 nm resulted in a higher initial anisotropy, compared to excitation at 440 nm. Seemingly, analogous 
considerations can be made to rationalize our preliminary experimental results. According to TD-DFT calculations performed for Ru-

Pd in acetonitrile[24] the long wavelength flank of the broad charge transfer absorption band consists of mainly a charge transfer 
excitation from the Ru(II) metal center to the phenazine part of the tpphz bridging ligand, resulting in a more directed electron transfer 
towards the catalytic metal center. Based on our simulation of the transient anisotropy, we infer that the probe TM is peaking along 
the long axis of the molecule, thus r0=0.4 would imply a similar TM orientation of the pump process, agreeing with the calculated 
transitions.  
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Summary of fitted decay parameters for Ru-Pt and Ru-Pd 

Table S2. Decay parameters acquired from triexponential fits of the transient photofragmentation signals of Ru-Pt and Ru-Pd excited at 440 nm and 480 nm. 
Time-constants τi are given along with the respective absolute amplitudes (in parentheses). 

 λpump / nm τ1 / ps τ2/ ps τ3 / ps 

Ru-Pt 

440a 0.6±0.1 (0.17) 6.5±1.3 (0.32) >>800 (1.02) 

480b 0.4±0.2 (0.13) 4.3±2.7 (0.25) >>800 (1.09) 

Ru-Pd 

440c 0.9±0.4 (0.45) 6.9±2.1 (1.81) >>800 (1.08) 

480d 0.6±0.4 (0.53) 5.8±3.5 (1.96) >>800 (1.03) 

Experimental data shown in Figure 3 (a), Figure S5 (b), Figure S7 (c) and Figure S9 (d).  
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DFT-data: Geometry optimized structures and rotational constants 

 

FigureS11. Geometry optimized S0 structure of Ru-Pt and molecular axis system (x, y ,z; equivalent to a, b, c axes, respectively) obtained from DFT calculations 
(B3LYP, LanL2DZ, 6-311G**). Calculations for Ru-Pd yielded a very similar geometry/molecular axis system and are therefore not shown. 

Table S3. Rotational constants, moments of inertia and Ray’s asymmetry parameter for Ru-Pt and Ru-Pd from an electronic ground state DFT calculation.. 

 A/GHz Ix/(10
-43

 kgm
2
) B/GHz Iy/(10

-43
 kgm

2
) C/GHz Iz/(10

-43
 kgm

2
) κa)

 

Ru-Pt 0.0372508 2.253 0.0086591 9.692 0.0082913 10.12 -0.97 

Ru-Pd 0.0368319 2.278 0.0100606 8.341 0.0092456 9.077 -0.94 

a) κ=(2B-A-C)/(A-C)[28] 
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Table S4. Cartesian coordinates of the DFT (B3LYP/6-311G**) geometry optimized ground state (S0) structure of Ru-Pt. Compound was calculated as doubly 
charged species in singlet configuration. 

atom x y z 

C  5.59043 -14.1679  1.01393  
C    4.86141 -13.2046  0.30928  
C    4.71721 -11.9242  0.82314  
N    5.25114 -11.5343  1.99035  
C    5.96563 -12.4489  2.70274  
C    6.13962 -13.7469  2.23224  
C    5.79615 -15.6037  0.51801  
H    4.39866 -13.4326 -0.64018  
H    4.15657 -11.1731  0.28233  
H    6.71185 -14.4476  2.82259  
C    7.7927  -12.2454  6.04192  
C    7.29443 -12.7466  4.83792  
C    6.52329 -11.9578  3.98193  
N    6.23088 -10.6679  4.28723  
C    6.70692 -10.1696  5.44372  
C    7.46948 -10.9098  6.32762  
C    8.63852 -13.0748  7.01331  
H    7.50801 -13.7665  4.55846  
H    6.45607 -9.13896  5.6558   
H    7.80966 -10.4343  7.23804  
Ru   5.07447 -9.61386  2.86713  
C    0.54933 -10.8449  4.34559  
C    1.62323 -11.2616  5.10952  
C    2.91994 -10.9202  4.71734  
N    3.17549 -10.1972  3.62197  
C    2.12296 -9.78552  2.85981  
C    0.78955 -10.0867  3.18907  
H   -0.46971 -11.0876  4.61507  
H    1.47741 -11.8485  6.00724  
H    3.77849 -11.2329  5.29677  
C   -0.28263 -9.60404  2.32518  
C    1.7763  -7.78749 -0.28873  
C    1.41148 -8.5366   0.84083  
C    2.43512 -9.01141  1.67959  
N    3.75437 -8.77645  1.42849  
C    4.07531 -8.05757  0.34763  
C    3.11591 -7.5482  -0.53104  
H    1.0027  -7.41324 -0.94558  
C    0.02311 -8.84051  1.17129  
H    5.13079 -7.88903  0.17966  
H    3.43547 -6.97353 -1.39087  
C    9.21321 -7.55067  1.1353   
C    8.34427 -6.92735  2.04076  
C    7.18744 -7.55463  2.493   
N    6.85347 -8.80397  2.06614  
C    7.67737 -9.41415  1.20077  
C    8.842   -8.83348  0.72048  
C    10.4799 -6.83821  0.64839  
H    8.57765 -5.93547  2.39953  
H    7.38383 -10.4056  0.88266  
H    9.44745 -9.39711  0.02523  
C    5.48793 -5.1166   4.87992  
C    6.405   -5.65724  3.97686  
C    6.24151 -6.93992  3.44993  
N    5.18063 -7.71259  3.79666  
C    4.28843 -7.20442  4.66698  
C    4.40492 -5.94248  5.21891  
C    5.6247  -3.7141   5.48052  
H    7.26002 -5.07245  3.67497  
H    3.45638 -7.84671  4.92287  
H    3.64321 -5.61053  5.91199  
N   -1.54668 -9.89396  2.64234  
N   -0.94434 -8.38984  0.36922  
C   -2.51838 -9.44919  1.84772  
C   -2.20825 -8.67456  0.67734  
C   -4.28703 -10.5074  3.30117  
C   -3.90331 -9.75805  2.17765  
C   -4.9113  -9.28247  1.32683  
N   -6.22974 -9.52439  1.5572   
C   -6.58386 -10.2395  2.63116  
C   -5.6321  -10.7437  3.52087  
H   -3.53035 -10.8864  3.97422  
H   -7.6504  -10.3926  2.75141  
H   -5.96785 -11.3164  4.37551  
C   -3.05546 -7.43088 -1.34638  
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C   -4.14315 -7.02491 -2.09823  
C   -5.43617 -7.37322 -1.7005   
N   -5.65906 -8.09799 -0.59793  
C   -4.60033 -8.50531  0.15263  
C   -3.27648 -8.19231 -0.18784  
H   -2.04479 -7.17436 -1.63269  
H   -4.01404 -6.43708 -2.99768  
H   -6.32495 -7.08385 -2.24979  
Pt  -7.4822  -8.70525  0.14226  
Cl  -9.43355 -9.49705  1.15443  
Cl  -8.71166 -7.69543 -1.56837  
C    4.37725 -2.88246  5.09423  
H    3.45316 -3.32557  5.47228  
H    4.45841 -1.87975  5.51956  
H    4.28826 -2.78136  4.0094   
C    6.88022 -2.98314  4.97322  
H    6.9296  -1.9917   5.4268   
H    7.80057 -3.50785  5.2454   
H    6.86301 -2.84023  3.88895  
C    5.7104  -3.83663  7.02133  
H    5.8083  -2.84285  7.46388  
H    4.81796 -4.29971  7.44834  
H    6.57947 -4.42631  7.32481  
C    11.3647 -6.48714  1.86883  
H    11.6613 -7.38593  2.41549  
H    12.2736 -5.98508  1.53007  
H    10.8607 -5.81418  2.56673  
C    10.0717 -5.53953 -0.08863  
H    10.9658 -5.02229 -0.44364  
H    9.44308 -5.75606 -0.95635  
H    9.52907 -4.8487   0.56131  
C    11.2986 -7.71487 -0.31585  
H    12.1885 -7.16895 -0.63404  
H    11.6379 -8.63993  0.15818  
H    10.7364 -7.97018 -1.21819  
C    10.0064 -12.3769  7.20813  
H    9.90159 -11.3722  7.62388  
H    10.6185 -12.9568  7.90233  
H    10.5509 -12.2998  6.26344  
C    7.89986 -13.1575  8.37136  
H    7.74345 -12.1721  8.81594  
H    6.92586 -13.6423  8.26468  
H    8.49169 -13.7458  9.07615  
C    8.88411 -14.5036  6.49743  
H    7.95224 -15.0626  6.37251  
H    9.42875 -14.5105  5.54885  
H    9.49157 -15.0501  7.22086  
C    5.19635 -16.5836  1.55559  
H    4.12493 -16.4133  1.68884  
H    5.33277 -17.6111  1.21134  
H    5.67893 -16.4984  2.53229  
C    7.31315 -15.8713  0.36624  
H    7.47229 -16.8935  0.01588  
H    7.7649  -15.1932 -0.36233  
H    7.85018 -15.7628  1.31175  
C    5.11546 -15.8472 -0.84043  
H    5.29355 -16.877  -1.15499  
H    4.03222 -15.7078 -0.78848  
H    5.51518 -15.1964 -1.6229   
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Table S5. Cartesian coordinates of the DFT (B3LYP/6-311G**) geometry optimized ground state (S0) structure of Ru-Pd. Compound was calculated as doubly 
charged species in singlet configuration. 

atom x y z 

C  -3.90137  4.52715 -1.98813 
C  -2.97851  3.62416 -2.52532 
C  -2.84026  2.35754 -1.97709 
N  -3.56106  1.9242  -0.93177 
C  -4.46937  2.77892 -0.38513 
C  -4.64489  4.06158 -0.89553 
C  -4.11393  5.94431 -2.5318  
H  -2.3579   3.88842 -3.36964 
H  -2.12811  1.6548  -2.38934 
H  -5.37355  4.7141  -0.43693 
C  -6.92086  2.41098  2.51042 
C  -6.22147  2.96077  1.43458 
C  -5.23522  2.23874  0.75941 
N  -4.91824  0.97017  1.12504 
C  -5.58815  0.42491  2.15765 
C  -6.57007  1.09795  2.86006 
C  -8.00451  3.16798  3.2848  
H  -6.44639  3.96601  1.11413 
H  -5.31473 -0.5883   2.42002 
H  -7.05845  0.58751  3.67957 
Ru -3.41299  0.02126 -0.01484 
C   0.59721  1.50671  2.41027 
C  -0.6408   1.84509  2.92355 
C  -1.79745  1.44109  2.25216 
N  -1.76329  0.73035  1.12   
C  -0.54675  0.39889  0.60183 
C   0.66173  0.76671  1.2192  
H   1.5162   1.79865  2.90034 
H  -0.73044  2.41814  3.83747 
H  -2.77897  1.68955  2.63359 
C   1.92391  0.36955  0.60425 
C   0.59928 -1.4767  -2.43057 
C   0.66291 -0.7407  -1.23696 
C  -0.54622 -0.36352 -0.62649 
N  -1.76241 -0.68536 -1.15159 
C  -1.79568 -1.392   -2.28627 
C  -0.63841 -1.80249 -2.9527  
H   1.5187  -1.77547 -2.9157  
C   1.9247  -0.359   -0.61132 
H  -2.77701 -1.6324  -2.67341 
H  -0.72729 -2.37146 -3.86924 
C  -6.91907 -2.38402 -2.52952 
C  -6.19627 -2.93639 -1.46403 
C  -5.21801 -2.21158 -0.79058 
N  -4.91971 -0.93198 -1.1504  
C  -5.60665 -0.38863 -2.16698 
C  -6.59334 -1.06696 -2.86779 
C  -7.98824 -3.20677 -3.25657 
H  -6.405   -3.95009 -1.15469 
H  -5.34939  0.63009 -2.42505 
H  -7.09734 -0.55178 -3.67307 
C  -3.84923 -4.50236  1.93174 
C  -4.59928 -4.04106  0.84841 
C  -4.43989 -2.7472   0.34774 
N  -3.54631 -1.88609  0.89715 
C  -2.81581 -2.31736  1.94239 
C  -2.93622 -3.58632  2.47663 
C  -3.98754 -5.91359  2.51148 
H  -5.31924 -4.69694  0.3846  
H  -2.1142  -1.60663  2.35845 
H  -2.31089 -3.85235  3.31857 
N   3.06799  0.705    1.20493 
N   3.06984 -0.7106  -1.20073 
C   4.21494  0.34736  0.63016 
C   4.21603 -0.37042 -0.61386 
C   5.54786  1.37814  2.50149 
C   5.47325  0.69185  1.27721 
C   6.67641  0.32202  0.65534 
N   7.8833   0.60779  1.20027 
C   7.94376  1.25836  2.36153 
C   6.78754  1.65946  3.04128 
H   4.63543  1.67373  3.0013  
H   8.9454   1.44998  2.7326  
H   6.88447  2.18556  3.98207 
C   5.55319 -1.42266 -2.47023 
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C   6.79418 -1.72553 -2.99517 
C   7.94898 -1.34513 -2.30126 
N   7.88593 -0.69389 -1.1405  
C   6.67777 -0.38694 -0.61015 
C   5.47584 -0.73556 -1.24657 
H   4.64181 -1.70212 -2.98112 
H   6.89321 -2.25288 -3.93504 
H   8.95148 -1.55432 -2.66032 
Pd  9.50593 -0.05729  0.03975 
Cl  11.1029  0.73298  1.51678 
Cl  11.1067 -0.87554 -1.41773 
C  -2.62164 -6.63362  2.39834 
H  -1.83584 -6.11518  2.95229 
H  -2.70286 -7.64217  2.80977 
H  -2.30382 -6.72031  1.35602 
C  -5.04716 -6.74741  1.76978 
H  -5.10603 -7.73995  2.21979 
H  -6.04404 -6.30263  1.83964 
H  -4.79645 -6.88732  0.71436 
C  -4.39576 -5.80607  4.00087 
H  -4.49108 -6.80684  4.42792 
H  -3.65488 -5.26552  4.59424 
H  -5.35825 -5.30007  4.113   
C  -9.0499  -3.67789 -2.23367 
H  -9.54013 -2.82895 -1.7504  
H  -9.81763 -4.26246 -2.74521 
H  -8.62233 -4.3132  -1.45415 
C  -7.31085 -4.43778 -3.90702 
H  -8.06085 -5.03854 -4.42605 
H  -6.55821 -4.135   -4.63967 
H  -6.82737 -5.08136 -3.16798 
C  -8.69303 -2.39267 -4.35614 
H  -9.44659 -3.01576 -4.84103 
H  -9.20794 -1.51693 -3.95159 
H  -7.99883 -2.06236 -5.13354 
C  -9.32545  2.36394  3.21837 
H  -9.22866  1.37257  3.66662 
H  -10.106   2.89605  3.76648 
H  -9.66405  2.24028  2.18646 
C  -7.55437  3.30594  4.75973 
H  -7.40103  2.33473  5.23556 
H  -6.62456  3.87547  4.83862 
H  -8.32101  3.83483  5.33026 
C  -8.25592  4.57399  2.71165 
H  -7.36578  5.20727  2.7663  
H  -8.60066  4.5391   1.67412 
H  -9.03629  5.06771  3.29338 
C  -3.79801  6.96364 -1.41036 
H  -2.76253  6.87354 -1.07224 
H  -3.94124  7.97917 -1.7861  
H  -4.45145  6.83967 -0.54334 
C  -5.58916  6.09894 -2.97438 
H  -5.75174  7.10632 -3.3638  
H  -5.84264  5.38856 -3.76552 
H  -6.28742  5.9512  -2.1469  
C  -3.2048   6.24046 -3.73762 
H  -3.39152  7.25612 -4.09086 
H  -2.14446  6.17832 -3.47819 
H  -3.40046  5.56535 -4.57516 
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Calculation of the orientational correlation functions of the second rank for freely rotating 
asymmetric top molecules 

For a one photon pump + one photon probe (1+1’) process, the anisotropy function r(t) is determined by the standard formula (S2):[29] 
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For a (1+2’) process, the anisotropy is given by a similar formula: 
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Here )()0())(cos( 21 tt µµ=β , 1µ  and 2µ  are the unit vectors along the transition dipole moments (TMs) responsible for the transitions 

initiated by the pump and probe pulses, ...  stands for rotational averaging, and 2/)13()( 2
2 −= xxP  is the second order Legendre 

polynomial. The time dependence of )(2 tµ  results from molecular rotation. For a (1+1’) process (Equation S2), values for r(t) vary 

from initially r0=r(t=0)=+0.4 for parallel TM orientations or r0=-0.2 for perpendicular TM orientations to the final isotropic distribution 

r(τdephas)≈0 with a characteristic time constant τdephas, which is related to the rotational constants of the molecular system. The 

orientational correlation functions of equation. S2 can explicitly be defined as follows: 
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Here 
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are the symmetrized Wigner’s D-functions, and )0,,( µµµ iii
θψΩ  denote the angles specifying orientations of the TMs 1µ  and 2µ  in 

the molecular frame. 

Equation S4 reveals that the time evolution of the orientational correlation function is governed by the six basis functions  
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A convenient method of the evaluation of the basis functions (S5) has been developed in Refs. [30-31]. The method employs the 

action-angle representation of the rotational dynamics and yields the following explicit formulas for the quantities (S5): 
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are the stationary (long-time) asymptotic values of the basis functions (S5), 
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The parameters 
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are uniquely determined by the main moments of inertia, 

 

zxzxzy IIIIIIb /))(( 2 −+= ε , }/exp{ KKq ′−= π ,  (S19) 

)(λKK =  is the complete elliptic integral of the first kind, 
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),( λ ′uF  is the elliptic integral of the second kind, )(λEE =  is the corresponding complete integral, 
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)/(arctg λδ=u and )(/)( σϑσϑ iiy nnn ′=  where )( σϑ in  are the Jacobi theta functions of the complex argument. 

In the above formulas, time is expressed in units of the mean rotational period: 

 
)/(kTI y   (S22) 

where k  is the Boltzmann constant and T  is a temperature. 

Analysis of the anisotropy of the pump-probe signal 

As was demonstrated by Hochstrasser and coworkers,[32] the presence of degenerate simultaneously-excited electronic levels 
profoundly affects anisotropy of spectroscopic signals. Below we study the influence of two bipyridine moieties on the anisotropy of 
the pump-probe signal of the present work. 

Let 1µ  and 2µ  be the unit vectors along the transition dipole moments responsible for the excitation of two bipyridine moieties by the 

pump pulse, and 3µ  be the transition dipole moment of the phenazine unit interrogated by the probe pulse. Denote the polarizations 

of the pump and probe pulses as 1e  and 2e . Then the (short-time) intensity of the pump-probe signal can be written as follows: 
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Here the first (second) term in the parenthesis describes the pathway corresponding to a sole excitation of the first (second) 
bipyridine moiety, while the third term describes the coherent contribution of the two moieties. The quantities A , B  and C  are 
orientationally isotropic. They depend on the carrier frequencies, durations, and the time delay between the pulses, as well as on the 
molecular properties. 

The orientational averaging in Equation S23 can be performed as explained, e.g., in Refs. [33-34] to yield 
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(from symmetry considerations, we set BA=  and 3231 µµµµ = ). 

Equation S24 reveals two important consequences: 

(i) A maximally possible coherent contribution corresponds to AC 2= . In this case, the anisotropy is uniquely determined by the 
mutual geometry of the transition dipole moments: 

 












−

+
= 1

1

)(6

5

1

21

2
31

0
µµ

µµ
r  (S25) 



SUPPORTING INFORMATION          

22 

 

If 1µ , 2µ  and 3µ  lie all in the molecular plane (the assumption is reasonable for the present case) we can write )cos(31 ϕ=µµ  and 

)2cos(21 ϕ=µµ . Then, the initial anisotropy 4.00 =r , irrespective of the value of ϕ . Hence the anisotropy for the pump-probe signal 

of equation S23 cannot exceed the standard value of 0.4. 

(ii) After a short electronic dephasing time of the order of several hundreds of femtoseconds (which cannot be resolved in the present 
experiment) the coherent contribution in equation S24 can be set to zero ( 0=C ). Then equation S25 reduces to 

 
)(4.0 3120 µµPr =  (S26) 

where the Legendre polynomial 2P  is defined per equation S2. 
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