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Abstract 

The excessive utilization of natural resources along with their direct long-lasting environmental 

effects will soon become mankind’s biggest challenge. Together with an inevitable shift of 

people’s consumption behavior, including food, transport, building, and housing, basic needs 

still have to be fulfilled using renewable energy resources. In terms of absolute energy input, 

solar energy is overwhelming the others, such as wind energy or waterpower, by far. Thus, 

exploitation of solar energy, along with an appropriate storage technique to cope with the 

problem of intermittency, is of utmost importance to prevent a man-made mass extinction 

event. Although short term energy storage can be realized using batteries, long-term storage 

methods are needed as well. The most logic but also rather complicated approach to achieve 

this goal is the storage of solar energy in the chemical bonds of an easily manageable 

compound since such chemicals can be stored in a simple way and in very large quantities. 

This problem of long-term solar energy conversion has already been solved by nature about 

2.5 billion years ago. With the advent of natural photosynthesis, large quantities of chemical 

energy storage material were produced in the form of carbohydrates (which we still use today 

in modified form via oil and natural gas). However, natural photosynthesis represents a by far 

too complicated process to mimic in every detail. Instead, mankind has to adopt the main ideas 

learnt from nature and needs to transform it in easy and efficient technologies. Additionally, 

the conversion efficiency of solar to chemical energy in natural photosynthesis is only about 

1 %, which is significantly too low to fulfill mankind’s energy needs; hence, suitable artificial 

systems have to exhibit improved solar energy conversion efficiencies. 

With the emerge of photovoltaics, electrical energy can now be routinely generated in large 

scale and even at a price cheaper than every other energy source in many sunny regions of the 

world. Nevertheless, a massive expansion of photovoltaics will be needed in the near future to 

shift our society to carbon-neutrality. As described above, in addition to electricity generation, 

synthesis of so-called solar fuels is needed to bridge longer periods of high and low solar 

irradiance.  

In order to develop an efficient system for solar fuel generation, light absorption has to be 

combined with electron transfer and a suitable catalyst which allows the necessary elementary 

chemical steps on route to the desired solar fuel to occur at reasonably low temperatures and 

high rates. Catalysts which typically operate at rather low temperatures and with rates even 

approaching the diffusion limit of catalytic turnover in some cases, are enzymes; nature´s 

catalysts that have been evolutionary optimized over billions of years. However, many enzymes 

need so-called cofactors to function. These small molecules deliver redox equivalents or 

chemical energy to the enzyme´s active site. By combining the best of both worlds, i.e. artificial 

photosynthesis and enzymatic catalysis, new synergies will emerge. For the former, artificial 

light harvesting followed by molecular charge separation and efficient cofactor synthesis 

generates the resources needed by the latter. Solar fuels might then be synthesized efficiently 

by enzymes which consume the constantly regenerated cofactors again and again. Under 

optimized conditions these light-driven biotechnology approaches may also transform current 

chemical processes into ecologically more compatible ones by producing less toxic waste. 



6  Abstract 

Hence, this thesis will present molecular photoredox catalysts which are capable to generate 

some of the most commonly utilized cofactors such as NAD(P)H, NAD(P)+ as well as ATP in 

complex biological environments. The artificial photocatalysts will be based on ruthenium 

polypyridine chromophores being responsible for light harvesting. They will be linked to 

specific ligands which provide the site of catalysis. These systems will allow the continuous 

photocatalytic formation of essential cofactors for enzymatic conversion. Concerning the 

chemical reactivity of these cofactors, NAD(P)H acts as reducing agent for enzymes categorized 

as oxidoreductases and NAD(P)+ acts as an oxidant herein. ATP instead represents the 

ubiquitous energy currency of all living systems, hence shifting energy demanding reactions to 

the product side. 

In order to achieve the desired cofactor conversions, well-established photophysical as well as 

photochemical properties of ruthenium polypyridine complexes were exploited. First, the 

strong visible light absorbance of the 1MLCT band typically located at ca. 450 nm prohibits 

destructive light-induced reactions of the cofactors itself since they are non-absorbing in this 

area. Consequently, only the photochemistry of the Ru catalysts determined the temporal 

evolution of the compound composition during visible light irradiation under optimized 

conditions. Additionally, several reactivities of the chromophores originating from the long-

lived 3MLCT excited state such as efficient electron and energy transfers were utilized to effect 

the desired cofactor conversions. Moreover, this thesis also investigated the photophysics and 

the photochemistry of key intermediates in artificial photosynthesis leading to new 

fundamental insights into the stability, reactivity, and photoinduced electron transfer cascades 

of chemically reduced heterobimetallic transition metal complexes. In the following 

paragraphs, several of these key findings will be addressed. 

Photocatalytic generation of NAD(P)H and ATP: The high redox potential of the Ru-based 
3MLCT excited state allowed to photochemically reduce [(bpy)Rh(Cp*)Cl]Cl-like catalysts 

(Cp* = pentamethylcyclopentadienyl) which effectively catalyzed the regioselective reduction 

of oxidized nicotinamides, such as NAD(P)+, to their reduced counterparts, NAD(P)H. Here, the 

synthesis of heterodinuclear Ru-Rh catalysts connected by a suitable bridging ligand allowed 

fast intramolecular electron transfer events from the Ru to the Rh center. The heterodinuclear 

[(tbbpy)2Ru(tpphz)Rh(Cp*)Cl]Cl(PF6)2 catalyst was compatible with lactate dehydrogenase 

(LDH), where in a proof-of-concept photobiological process photochemically generated NADH 

served as cofactor for the enzymatic reduction of pyruvate to lactate. By further utilization of 

the natural machinery of oxidative phosphorylation, provided in its rudimental form using 

inverted E. coli vesicles, the above described photocatalytic NADH formation was coupled to 

ATP synthesis. This system operates via an oxidative metabolism of the photogenerated 

reduced nicotinamides yielding a proton gradient into the inner of the E. coli derived vesicles. 

This pH powers the ATP synthase, thus yielding photogenerated ATP. This ATP, formed by a 

new photobiocatalytic process, proved to be bioactive as well since hexokinase could utilize it 

to convert glucose into glucose-6-phosphate. In total, the overall process hence can also be 

described as a photocatalytic regioselective phosphorylation of a hexose moiety. 

Photophysics and photochemistry of a chemically reduced key intermediate in artificial 

photosynthesis: The selective reduction of the RhCp* based catalyst within a heterobimetallic 
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[(tbbpy)2Ru(tpphz)Rh(Cp*)Cl]Cl(PF6)2 architecture additionally enabled a detailed photo-

physical analysis of this system showing for the first time that photoinduced back-electron 

transfers from an activated reduction catalyst in one of its resting states to a molecularly 

connected and photoexcited chromophore can hamper catalytic turnover. Consequently, in 

addition to fast electron transfers towards the catalytic center, reaction conditions, such as the 

solutions pH-value need be correctly adjusted in order to impede this detrimental back-

electron transfer in such heterodinuclear photocatalysts. Moreover, a previously unknown 

instability of these chemically reduced RhCp* complexes in presence of excess N,N-chelating 

ligands was utilized to develop a mild photocatalytic synthesis concept for regioselective 4,7-

deuterations of various 1,10-phenanthroline (phen) derivatives. 

Photocatalytic generation of NAD(P)+: On the other hand, the energy stored in the 3MLCT state 

of mononuclear Ru polypyridine complexes was utilized to sensitize the formation of 1O2 which 

initiated a selective oxidation cascade transforming NAD(P)H into its oxidized counterpart, 

NAD(P)+. In a further proof-of-concept photobiocatalytic oxidation process, the so-generated 

oxidized NADP+ induced the malic dehydrogenase catalyzed oxidation of L-malate to 

oxaloacetate. Additionally, the stoichiometry of the overall reaction was identified along with 

the nature of the oxygen reduction product (H2O2).  

Development of suitable spectator ligands for oligonuclear Ru polypyridine based 

photocatalysts: Resulting from the detailed photophysical analysis of the 

[(tbbpy)2Ru(tpphz)Rh(Cp*)Cl]Cl(PF6)2 catalyst as well as previous literature on the wavelength-

dependence of photocatalytic hydrogen formation with a similar transition metal architecture, 

[(tbbpy)2Ru(tpphz)PdCl2](PF6)2, a detailed spectroscopic analysis of a series of mononuclear 

model complexes bearing N,N-alkylated bi(benz)imidazole ligands identified a propylene (C3H6) 

bridged biimidazole as true spectator ligand. It allowed the formation of long-lived 3MLCT 

excited states without any electron density localization on the ligand itself upon visible-light 

excitation. 

In summary, the exploitation of well-established photophysical and photochemical properties 

of the applied Ru polypyridine chromophores was key for the generation of the three highly 

relevant cofactors NAD(P)H, ATP and NAD(P)+. All of these photochemically generated 

cofactors proved to be bioactive. In view of the many enzymes which consume these cofactors, 

based on this thesis many other photobiocatalytic processes, such as efficient reductive CO2 

assimilation, can be envisaged. Furthermore, the instability of the utilized RhCp* catalysts were 

exploited for establishing a new synthesis route to regioselectively deuterated 1,10-

phenanthrolines. Finally, a suitable spectator ligand based on a propylene bridged biimidazole 

could be identified, which may find future applications in transition metal catalysts for highly 

vectorial electron transfers along designed molecular coordinates. 
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1 Motivation 

Incapable of crying off from the devastating production – consumption – dumping cycle in 

connection with the mantra of a necessary economic growth as the main driver of a societies’ 
happiness, mankind faces huge challenges in almost every area. One of the biggest problems 

to mention is the ecological crisis which we are witnessing at the moment. By consuming 

resources at a rate dramatically outperforming the Earth´s potential to regenerate these, we 

are undoubtedly placing gigantic problems of planetary scale on the shoulders of our even non-

born children and grandchildren. In fact, if every person on this planet lived as the average 

German, more than two Earths would be needed to sustain this western lifestyle.[1] 

Climate change, water scarcity, destruction of complete ecosystems, extinction of species, and 

enormous pollution of the environment with all kinds of waste are just some of the most 

prominent dangers that result from our every-day purchase and consume decisions. A common 

link to most of these problems is energy. Depending on the way energy is produced, the span 

of environmental damage can be moderate to huge. Thus, the development of a sustainable 

energy system and the transformation of the people´s mindset away from the mantra of 

infinite growth on a finite planet combined with the affordability of every good at every time 

towards a more sufficient life, respecting the given natural limits of personal development, are 

probably the most important tasks. If these goals are achieved, our children and grandchildren 

might feel blessed witnessing us, the generation who shifted from an unsustainable to a 

sustainable society. 

 

1.1 Is there a global energy crisis? 

To directly answer the question of the heading, yes and no! But what is energy? It is the ability 

to perform work; moreover, work is producing a change in a certain system.[1] Hence, energy 

is the prerequisite to effect changes within a system. In order to clarify why we face an energy 

crisis but also why we have different opportunities to evade this dilemma, the current situation 

regarding energy supply has to be analyzed. As depicted in Figure 1.1, todays primary energy 

supply (585 EJ per year) is mainly met by the use of fossil fuels such as oil, gas, and coal.[2] 

Thereby, the atmosphere serves as a dump taking up vast amounts of CO2 as well as NOx and 

SO2/SO3 which may combine with water to form acid rain. Beyond the predicted 3 °C warming 

of global surface temperature by doubling the CO2 concentration as well as the acidification of 

the oceans by a factor of 1.5 (pH-drop by 0.4),[3] the unequal distribution of these resources 

gives rise to geopolitical tensions. Natural gas is mainly found in Russia, Iran, Qatar, and 

Turkmenistan; these four states share ca. 60 % of all known gas deposits. Oil is similarly 

unequally distributed since Venezuela, Saudi Arabia, Canada, Iran, and Iraq together hold ca. 

62 % of the known deposits. 

In view of the currently strong dependence on fossil fuels (ca. 1000 barrels of oil are consumed 

every second)[3] and the ecological consequences which result from the uncontrolled release 

of the oxidized products in the atmosphere, it would be fair to claim that we indeed face a 
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huge global energy crisis although fossil fuel reserves may last much longer than the next 

100 years to support mankind´s energy needs. 

It may be further noted, that for Germany a nearly identical picture as for the averaged world 

in terms of energy supply is obtained.[4] In 2017, 9.5 EJ of energy were consumed, thereby 

electricity shared 19.7 % (worldwide: 18.9 %, see Figure 1.1). 34 % of the electricity were 

produced by renewable energy sources (mainly wind, water, biofuels and solar). 8 % of the 

total electricity was produced from photovoltaic panels which equals ca. 1.6 % of the total 

energy consumed (solar energy production: 42.3 TWh = 152 PJ). 

Despite these discouraging numbers, mankind is blessed with an enormous energy source that 

will constantly provide energy for the next billions of years. The solar energy input on planet 

Earth is about 5.5 YJ and therefore exceeds the current 585 EJ energy supply by a factor of 

9∙400. Therefore, in only one hour, the sun provides enough energy to fulfill mankind’s annual 
energy needs. This has important consequences, since in addition to its enormous excess vs. 

mankind´s energy needs, it is almost equally distributed. For example, sunny Rome receives 

only 1.6 times more solar power than foggy London.[1] In addition, with the current technology, 

22 times the amount of annual energy needs could already be harvested.[3] For Germany, using 

1.7 % of the total area for photovoltaics would be sufficient to provide all the currently utilized 

electricity by solar energy.[1] This may be compared to the incredible amount of space that 

would be liberated from agricultural use, if no animal products would be consumed anymore:  

 

Figure 1.1: Key numbers of worldwide energy production and consumption. All values are given in 
percent of the total energy amount noted in parenthesis. The raw data were obtained from the latest 
IEA report in 2019, figures were created by the author.[2] “Others” in the top left diagram include 
geothermal, solar, wind and tide/wave/ocean as well as other energy; “other” in the bottom left diagram 
includes heat, solarthermal and geothermal energy. 
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Currently 43 % of the ice- and desert-free land is used for agriculture. By stopping to consume 

animal products this value would drop as low as 10 %.[5] Using a small part of this space for 

renewable energy generation would hence already be sufficient for a fully sustainable 

electricity generation. It may be added that a plant-based diet furthermore reduces the food-

system based greenhouse gas emissions by 51 %.[5] 

Also, in view of our society shifting towards a larger percentage of electricity used as energy 

source, photovoltaics can principally accomplish the task of fulfilling mankind´s complete 

energy needs. In this regard it may be noted that the average energy return of (energy) 

investment (EROI) of commercially available Si solar cells is ca. 8 and for CdTe based solar cells 

the EROI is larger than 30. This means that 8 or 30 times the energy amount that was needed 

to produce the solar cell is produced during the whole lifetime of the device (more than 

25 years).[6,7] Since the solar irradiance in Ulm is ca. 133 W/m2 (year- and day/night 

averaged),[8] a commercially available Si solar cell with an efficiency of 18 % could produce 

“constantly” 24 W/m2. However, as for many of the renewables, there remains the problem of 

unpredictable intermittencies. Consequently, the storage of the massive solar energy amount 

is currently more problematic than the process of harvesting it. A suitable solution is short-

term storage in efficient batteries and long-term storage in chemical bonds. 

Intrigued by the 9∙400 fold excess of solar energy input over human energy needs, it may be of 

interest by which process such an enormous amount of solar irradiation is generated. The solar 

energy planet Earth is constantly receiving is the result of a nuclear fusion process within the 

core of the Sun. The two dominant processes powering our Sun are the proton-proton chain 

reaction I (pp I) and the proton-proton chain reaction II (pp II).[9] As depicted in Figure 1.2, both 

start with the same slow and rate determining step of proton-proton combination where the 

electrostatic repulsion of the two protons has to be overcome.[10] Once 2H has been formed 

after one of the protons converted into a neutron, another proton is taken up to form 3He. 

From here, pp I and pp II start to divide. Whereas pp I directly leads to 4He by combination of 

two 3He atoms, pp II proceeds via the formation of 7Be and 7Li as intermediates before two 4He 

atoms are formed. In all of these fusion processes enormous amounts of energy are released, 

giving an overall energy yield of ca. 26.7 MeV per successful 4He formation.[10] By consuming 

about 4.3 t of mass per second, the sun generates about 3.9∙1026 J s-1 which is ca. one million 

times larger than the annual global energy demand (note: per second and annual!).[3] The 

energy primarily released in the form of -photons travels by constant absorption and 

reabsorption to the Sun´s surface where it is emitted into space (note, that it takes up to 

170∙000 years for the -photon to be released as lower energy photon at the surface of the Sun 

but from then on the photon hits the surface of the Earth just 8 min after it has been emitted).[3] 

The Sun is emitting a broad spectrum of photons. This spectrum is shown in Figure 1.3. At the 

top of Earth´s atmosphere (air mass 0; AM 0) the solar spectrum closely resembles that of a 

blackbody spectrum at 5∙250 °C.[3] However, after penetrating through the atmosphere 

(1.5 times the minimum penetration length, modelling European conditions, AM 1.5), certain 

parts are filtered out. Of the total solar irradiance, only 1.5 % can be ascribed to the UV-region 

(< 400 nm), 45 % to the visible region (400 – 750 nm) and 53.5 % to the IR photons.[11] The 

maximum of the solar irradiance hitting the Earth’s surface is slightly above 500 nm. 
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Figure 1.2: Reaction scheme showing the proton-proton chain reaction I (pp I, blue) and the proton-
proton chain reaction II (pp II, green) in hydrogen burning stars. The fractions of the fate of 3He is given 
in percent. The figure is based on ref.[9] 

In the IR region, the main absorbers are water and partly CO2; contrary, O3 absorbs most of the 

UV-radiation that is hitting the top of the atmosphere. As a result of this absorbance and light 

scattering by atmospheric molecules and clouds, only 89 PW from at the atmosphere´s top 

incoming 174 PW of solar energy hit the surface of the Earth. This may be again compared to 

mankind´s energy need of 585 EJ, which equals a constant power of 18.5 TW, still exceeding 

human power supply needs by a factor of 4∙800. Finally, it should be noted that photosynthesis 

converts ca. 2∙000 EJ (0.072 %) of the total solar energy, which is hitting the surface of the 

Earth, into biomass. Despite this low percentage, massive woods have been established prior 

to human activity. Hence, nature nicely demonstrates that even if just a small amount of solar 

energy is usefully harvested, big systems can run sustainably. 

 

Figure 1.3: Solar irradiance at the top of the atmosphere (AM 0, black spectrum) and at sea level 
(AM 1.5, red spectrum). The molecules given in the diagram are those who mainly contribute to 
atmospheric intensity losses at the given wavelengths; based on refs.[12,13] The maximum of the red curve 
is found slightly above 500 nm.[3] 
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1.2 Natural photosynthesis – the ideal model for a green revolution? 

Since these 2∙000 EJ of energy annually stored in the chemical bonds of biomass (230∙109 t per 

year)[1] still surpasses human energy needs (585 EJ in 2017)[2] by a factor of 3.4, utilizing a large 

amount of this material for human purposes as well as imitating natural photosynthesis may 

seem to easily resolve all energy related problems. However, using a big amount of these 

2∙000 EJ is not a good idea since then every year roughly one third of all biomass would have 

to be harvested and processed into a suitable form of fuel for human purposes in an energy 

intensive way. Moreover, as will be described later, the 1:1-imitation of natural photosynthesis 

is also not practicable since it would be much too complicated. Consequently, other solutions 

will have to be developed for a sustainable energy system. 

It may be shortly analyzed if the use of biomass for energy production makes sense at all. 

Typically, photosynthesis proceeds with a solar energy to chemical energy conversion 

efficiency of less than 1 %.[14–16] As a result, even in Ulm where the year-averaged photovoltaic 

output is only 24 W/m2 (see chapter 1.1), man-made solar energy (electricity) conversion is 

drastically more efficient than natural photosynthesis (energy stored in chemical bond) 

proceeding at < 1 W/m2.[1] Consequently, using arable land to plant e.g. maize or rapeseed for 

biogas facilities only is absolutely nonsense.[14,17] The land should hence be either used for food 

production or energy production by more efficient sustainable techniques such as windmills or 

solar panels. The combination of photovoltaics/battery/electric motor was calculated to be 

600 times more efficient in terms of land use than the combination biomass/biofuel/ 

combustion engine for car propulsion.[14] To demonstrate the low efficiency of products 

derived from natural photosynthesis for human purposes the following examples are given: If 

the USA and Europe would like to replace only 5 % of their gasoline and diesel consumption by 

biofuels, they would need to use 20 % of their arable land.[1] Moreover, if one tank of a typical 

SUV has to be filled completely with biofuel, corn enough to feed one person an entire year 

would have to be used for the production of this amount of biofuel.[1] 

Nevertheless, although the above given numbers clearly demonstrate that the direct utilization 

of natural photosynthesis derived biomass is impossible to fulfill mankind´s energy needs, a 

detailed analysis of this intriguing process reveals that some basic principles can be 

technologically adapted to probably save the world from an ecological collapse. As depicted in 

Figure 1.4, natural photosynthesis, occurring in plant cell organelles called chloroplasts, and 

cellular respiration are in an equilibrium. By photon-assisted CO2 assimilation, energy is stored 

in reduced carbohydrates. Mitochondrial respiration proceeding via glycolysis and oxidative 

phosphorylation reverses this pathway by releasing and converting the energy stored in 

carbohydrates [CH2O]n into other forms of readily available chemical energy such as the 

anhydride bonds of adenosine triphosphate (ATP) that drive energy demanding metabolic 

processes.[18] This cellular oxidation process regenerates CO2 which can then again be used by 

plants as substrate for solar energy fixation. Similarly, an artificial process using an advanced 

technique of solar fuel generation utilizing solar energy and electrons from water as well as 

CO2 as carbon feedstock for fuel production may solve the global energy problem. The so-

generated fuels may then be oxidized using abundant O2 to release energy for heat or other 

purposes and the so-formed CO2 would be reintegrated into the system. 
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Figure 1.4: Left: General reaction scheme of the opposed directionality of photosynthesis and 
respiration or combustion, respectively. Right: General reaction scheme of the natural photosynthesis 
divided into the light-dependent reaction (red arrows) and the light-independent reaction (black 
arrows). Substrates and products of the photosynthesis reaction are highlighted in blue and green, 
respectively (CBB = Calvin-Benson-Bassham). 

A closer look into natural photosynthesis furthermore reveals, why only some basic concepts 

but not the full apparatus itself may be utilized for human needs. As shown in the right reaction 

scheme of Figure 1.4, natural photosynthesis is separated into a light-dependent and a so-

called light-independent reaction, indicated by red and black arrows, respectively. To produce 

one molecule of glucose (C6H12O6) 48 photons of suitable energy have to be absorbed by the 

pigments of the chloroplasts triggering a cascade of photochemical processes, which 

astonishingly often occur with close to 100 % quantum efficiency.[19] During the light-

dependent reaction, water is split into oxygen accompanied by the formation of reducing 

equivalents in the form of NADPH. In addition, adenosine diphosphate (ADP) and phosphate 

are condensed to ATP. NADPH and ATP serve as chemical energy source for the reductive CO2 

assimilation in the complex Calvin-Benson-Bassham (CBB) cycle.[18] In view of the many 

intermediates and complicated multi-step assimilation of CO2, a man-made copy of this process 

will have to focus on the relevant concepts nature has developed. 

In order to grasp some of these central ideas, the light-dependent reaction will be analyzed in 

more detail since the conversion of solar energy into a useful form of energy represents the 

challenging task in the transformation of our current fossil fuel-based society into a sustainable 

society. As already mentioned above, natural photosynthesis occurs in chloroplasts, specialized 

organelles of plant cells. Inside the chloroplasts, disc-shaped thylakoids are found which 

revealed to be the actual location where the light-dependent process occurs.[18] As the 

thylakoids are surrounded by a specialized thylakoid membrane, the two facing media (the 

stroma and the lumen) are physically separated from each other.[18] As shown in Figure 1.5, 

integrated into the thylakoid membrane are natures evolutionary optimized photosensitive 

machines, namely PSI and PSII, completed by two functional proton pumps, the cytochrome-

b6f-complex and the ATP synthase. Whereas the first substrate, water, gets oxidized on the 

lumen-side of the membrane, i.e. inside of the thylakoid, NADPH and ATP are formed in the 

stroma. Consequently, also the reductive CO2 assimilation, catalyzed by the enzymes of the 

Calvin-Benson-Bassham cycle, occurs in the stroma. 
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Figure 1.5: Overall reaction scheme of the natural photosynthesis. Electron flow is indicated by black 
waves, proton flow and PQ/PQH2 diffusion is shown by dashed arrows. The thylakoid membrane is 
indicated by solid black lines combined with schematically drawn phospholipids. Photons hitting 
photosystem I and II (PSI and PSII) are indicated by red waves. Water soluble proteins are indicated by 
colored spheres, which are not bound to a membrane-integrated protein complex (OEC = oxygen 
evolving complex, PQ = plastoquinone, PQH2 = plastoquinol, cyt. = cytochrome, Pc = plastocyanin, 
Fd = ferredoxin, FNR = ferredoxin:NADP+-oxidoreductase); based on refs.[20,21] 

In more detail, the reaction sequence depicted in Figure 1.5 can be qualitatively described as 

follows: At the PSII integrated oxygen evolving complex (OEC), 4 photons induce the complete 

splitting of water, leading to the release of 4 electrons. These electrons are temporarily stored 

in the molecular plastoquinone (PQ) framework by proton-coupled electron transfers yielding 

two molecules of reduced plastoquinol (PQH2). Next, the lipophilic redox carriers diffuse within 

the thylakoid membrane ultimately reaching the cytochrome-b6f-complex which catalyzes the 

electron transfer from PQH2 to the copper containing plastocyanin (Pc) accompanied by 

additional proton transfers across the membrane.[21] Pc then diffuses to PSI and serves here as 

electron donor for the PSI which acts as light-driven catalyst for the transmembrane electron 

transfer from Pc to water-soluble ferredoxin (Fd) containing an iron-sulfur-cluster. Fd finally 

transfers the electrons to the ferredoxin:NADP+-oxidoreductase which catalyzes the 

regioselective 1,4-reduction of NADP+ to NADPH using the tightly bound heterocyclic flavin 

adenine dinucleotide (FAD) as cofactor.[22] 

In addition to the outlined redox events, proton transfers occur at several stages of this 

reaction cascade. First, at PSII, the visible light-driven redox reaction between water and PQ 

releases 4 protons and oxygen on the lumen-side accompanied by the uptake of 4 protons from 

the stroma-side by two molecules of PQ. Reoxidation of PQH2 at the lumen-side goes along 

with the additional transfer of one proton for each electron over the membrane. As at the FNR 

each NADP+ takes up one proton, two additional protons are removed from the stroma. As a 

result, the absorption of 8 photons leads to the removal of 10 protons from the stroma and 

addition of 12 protons to the lumen.[18] Therefore, a proton gradient is established which 

represents the driving force for ATP synthesis occurring at the ATP synthase. Here, the 

controlled diffusion of 12 protons through the ATP synthase provokes the formation of 

3 molecules ATP by a rotatory mechanism.[18] The excess protons transferred from the lumen 

into the stroma (+12 vs. -10 H+) are “neutralized” by the CBB-cycle (see Figure 1.4). 
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In summary, the qualitative analysis of the natural photosynthetic process already revealed 

important insights into general design concepts for technological adaptions. First and most 

importantly, the oxidative half reaction (water splitting) and the reductive half reaction 

(NADPH formation) have to be spatially separated by some sort of a proton-conductive 

membrane. Second, every half-reaction is driven by a single photosystem capable of absorbing 

suitable photons. Third, the two photosystems have to be combined by an electron transfer 

cascade (e.g. a (molecular) wire).  

After the qualitative analysis of natural photosynthesis, a more detailed description of PSI and 

PSII will reveal additional concepts which may be adapted by technological processes for 

efficient light harvesting. Protein crystallography revealed important insights into the 

underlying mechanism of visible light-driven charge separation along the thylakoid 

membrane.[22–27] The combined results are schematically represented in Figure 1.6.[19,21,28] In 

natural photosynthesis, light absorption is not performed by a single chromophore but by a 

protein-embedded array of light-absorbing molecules, most prominently by chlorophylls and 

carotenoids.[23,28] These so-called light-harvesting complexes (LHC) efficiently shuffle the 

excitation towards the reaction center (RC) where charge separation occurs.[19] With the 

exclusion of green light, all visible light photons with wavelengths between 400 nm and 680 nm 

(PSII; P680) or 700 nm (PSI, P700) are very efficiently absorbed.[19] Consequently, the utilization 

of multiple differently absorbing chromophores may represent an additional technologically 

exploitable concept to master solar energy conversion. 

As shown in Figure 1.6, starting with successful excitation of P680, electron transfer to 

pheophytin (Pheo) occurs ultrafast within ca. 3 ps.[19] Next, QA, a tightly bound plastoquinone 

(for the molecular structure, see Figure 1.7), is reduced before on the low µs-timescale P680+ 

oxidizes a nearby tyrosinate (Tyr-) moiety to the neutral radical form.[19,29] In the following, the 

Mn centers of the OEC get sequentially oxidized by the Tyr radical whereas the weakly bound 

plastoquinone QB gets reduced to the PQH2 form which is able to dissociate from the PSII, 

entering the Q pool within the thylakoid membrane. These processes are finished within some  

 

Figure 1.6: Detailed reaction scheme of the light-dependent reaction of natural photosynthesis (the so 
called Z-scheme); based on ref.[15] The dashed boxes indicate sets of reactions occurring within the 
protein frameworks of PSI, PSII or the cytochrome-b6f-complex, respectively. Photons hitting the two 
PSs are indicated by red waves, electron transfers are indicated by blue arrows, respectively 
(Tyr = tyrosine, Phe = pheophytin, cf = cytochrome f). 
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Figure 1.7: Molecular structures of some of the important redox cofactors enabling the process of 
natural photosynthesis; based on refs.[18,26–28,30,31] Instead of cysteine residues binding to these very 
generally drawn [FexSx]-clusters, other amino acid side chains bearing donor ligands, e.g. histidine (His), 
may bind to Fe centers, thus modulating the redox potentials of these clusters.[32] 

tens of ms producing O2 and PQH2 as stable products of the visible light-driven catalysis at 

PSII.[19] As a result, ca. 50 % of the initial excitation energy available to P680 (1.82 eV) were 

converted into chemical energy.[19] It may be noted, that water oxidation at the OEC (its 

molecular structure is depicted in Figure 1.7) follows the so-called Kok-cycle, releasing O2 after 

4 electrons have been removed from water by P680+.[33] 

Further downstream in the electron transport cascade (see Figure 1.6), PQH2 gets initially 

oxidized by an [Fe2S2]-cluster (see Figure 1.7) starting the so-called Q-cycle within the 

cytochrome-b6f-complex.[18,21] The electron is then further transferred to a cytochrome f 

moiety before it reaches the water-soluble redox active Cu center containing Pc. At PSI, 

excitation of P700 initially leads to the reduction of A0, a chlorophyll moiety, and then to the 

reduction of A1, a phylloquinone (see Figure 1.7),[30] before the electron is transferred via a 

cascade of three [Fe4S4]-clusters to the second water soluble electron transfer protein, Fd 

which takes up the additional electron by its incorporated [Fe2S2]-cluster. Meanwhile, the 

photooxidized P700+ gets regenerated by reduced Pc.[28] At the FNR, the tightly bound flavin 

adenine dinucleotide (FAD) cofactor undergoes two subsequent proton-coupled electron 

transfers (PCET) to yield the reduced FADH2 which – due to regioselective control resulting 

from the correct three-dimensional orientation of the reactants within the protein 

structure[22] – finally selectively transfers a hydride to NADP+ (see Figure 1.7 for its molecular 

structure) generating NADPH for reductive CO2 assimilation in the CBB-cycle.[18] 
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From the above outlined more detailed analysis of the light-dependent reaction of natural 

photosynthesis, some further design concepts may be derived. First, in order to achieve 

efficient spatial charge separation which suppresses unproductive charge recombinations, a 

certain fraction of the initially stored solar energy must be sacrificed. Therefore, optimization 

of a technological process may consider balancing these two loss channels. Secondly, the 

individual reactions have to be kinetically adjusted in order to reduce efficiency losses due to 

slow bottleneck processes. 

With the detailed picture of natural photosynthesis at hand, the parameters that limit its year-

averaged efficiency to 1 % and lower can be analyzed. Most importantly, in contrast to Si solar 

cells which typically also absorb parts of the IR light of the solar spectrum that hits Earth´s 

surface (see Figure 1.3), the chromophores which are used by green plants only absorb 

photons up to 700 nm. Therefore roughly 50 % of the solar energy hitting the ground as IR 

photons[11] are not effecting charge separation in the photosystems. In connection with the 

heat loss accompanying the absorption of short-wavelength photons, a maximum upper limit 

for solar energy to P680* energy conversion considering almost perfect quantum efficiency for 

energy transfer within the LHCs (0.9) is 34 %.[19] As depicted in Figure 1.6, many heat dissipating 

downhill electron transfer events, necessary for efficient charge separation, lead to the stable 

intermediates O2 and PQH2. Since these are only separated by 0.9 V, another 50 % loss of P680* 

energy (1.82 eV) occurred decreasing the solar to O2/PQH2 conversion efficiency to ca. 16 %.[19] 

Expanding these considerations to the redox pair O2/NADPH which represent the final products 

of the light-dependent reaction, an upper solar to chemical energy conversion limit of ca. 10 % 

can be assumed.[19] In combination with a value of 30 % of initially stored chemical energy that 

is needed for cell growth and maintenance, as well as the energetically problematic side 

reaction during the first step of reductive CO2 assimilation catalyzed by RuBisCo (i.e. 

photorespiration by reductive activation of O2 wastes up to 25 % of the initially stored chemical 

energy), maximum theoretical limits for specific plant types with respect to solar to biomass 

conversion range between 4.6 and 6.0 %.[16] As these values may only be obtained under 

optimized conditions (i.e. enough nutrients, CO2, and water as well as at optimized 

temperatures) and only in rapid-growth phases, typical year-averaged solar to biomass 

conversion efficiencies are below 1 % for common plants.[16] 

In view of these numbers and the outlined complexity of the natural photosynthetic process, 

a man-made detail-by-detail copy will not solve the global energy problem. However, as 

described within this chapter at several stages of the analysis, some basic concepts indeed have 

blueprint character for future technological solutions. Z-schemes based on semiconducting 

materials bearing optimized band gaps[34,35] not competing for the same photons as in natural 

photosynthesis (blue and red light is both absorbed by PSI and PSII) as well as reduced 

excitation energy losses enabled by strongly conductive charge separating materials may allow 

for better solar to chemical energy conversion compared to green plants. Indeed, several 

processes including the photovoltaics/water electrolysis combination have overcome 

photosynthesis by means of overall efficiency.[36,37] 
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1.3 Enzymes – the ultimate catalysts? 

Despite the above outlined efficiency limitation of natural photosynthesis, a probably very 

effective solution to some aspects of the global energy crisis would be the intensified use of 

enzymes as efficient catalysts for many processes. This is rationalized by the use of mainly 

precious transition metal catalysts containing Pt, Pd, Ru, Rh and others in many relevant 

chemical processes such as water electrolysis.[38] However, billions of years of evolution 

equipped nature with extremely active catalysts which can run reactions at unprecedented 

rates at physiological temperatures even approaching kinetics at the diffusion limit.[18] For 

example, hydrogenases can catalyze the conversion of 2H+/H2 close to zero overpotential.[39] 

Since the enzymes were optimized to effect the necessary chemical transformations at the 

respective temperature of the organism, many enzymes could be used in different industrial 

processes to limit costs for reactor heating. 

In view of these appealing properties along with the developments in modern biotechnology, 

many enzymes are now found in several industrial processes.[40] Also in the field of solar fuels 

enzymes may be utilized.[41] As pointed out by George Olah, a future society may be based on 

methanol as carbon feedstock due to its possible direct use in fuel cells for the transport sector 

and the possibility for ethene synthesis, a very important feedstock compound in the chemical 

industry.[42,43] By using CO2 as the C1 building block for methanol synthesis, a man-made carbon 

neutral energy-storage system paralleling the natural one would be established. In this regard, 

classical dehydrogenase enzymes may help to boost the efficiency of such a reductive CO2 

assimilation process. As depicted in Figure 1.8, a series of three oxidoreductase enzymes, 

namely formate dehydrogenase, formaldehyde dehydrogenase, and alcohol dehydrogenase, 

powered by three reducing equivalents in the form of NADH would allow methanol synthesis 

from CO2 at physiological temperatures.[44] Assuming 100 % efficient and selective cofactor 

regeneration by an artificial system either driven by light or by any other regenerative energy 

source (e.g. wind energy, which would require the electrocatalytic regeneration of the NADH 

cofactor), infinite methanol production would be possible if the dehydrogenase enzymes 

would remain stable. 

However, enzyme stability over long times may represent one of the most challenging tasks if 

a process would be run with isolated enzymes as depicted in Figure 1.8. However, good 

methanol yields may also be obtained with biotechnologically optimized microorganisms, 

which constantly overexpress the necessary dehydrogenase enzymes. A very remarkable 

example for the effective interplay between man-made materials and bacterial enzymes was  

 

Figure 1.8: Schematic representation of a semi-artificial hybrid system capable of methanol production 
via reductive enzyme-catalyzed CO2 assimilation (FateDH = formate dehydrogenase, FaldDH = form-
aldehyde dehydrogenase, ADH = alcohol dehydrogenase); based on ref.[44] 
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presented by Nocera and coworkers.[36] They managed to couple the electrocatalytic water 

splitting by a CoP-alloy with alcohol production from Ralstonia eutropha by enzymatic 

combination of H2 and CO2 (see Figure 1.9 for a schematic representation of this process). 

Assuming electricity generation by a commercial Si solar cell with 18 % efficiency, a total solar 

to chemical conversion efficiency of 9.7 % for biomass production, 7.6 % for bioplastic 

formation, and 7.1 % for fusel alcohol production was reported. 

Moreover, the same research group also published visible light-driven crop fertilizers by 

combining solar electricity-driven water splitting with the above mentioned CoP-alloys and 

nitrogen fixation by Xanthobacter autotrophicus using solar H2.[45] Although this is possibly one 

of the most advanced and complicated systems combining (in)organic photochemistry and 

biological conversion of the provided reducing equivalents, it highlights the great potential in 

semi-artificial hybrid systems.[41] As such, enzymes may truly be considered as the ultimate 

catalysts that may save the world from an ecological crisis. 

 

Figure 1.9: General scheme for the renewable electricity-driven water splitting coupled to 
microorganism catalyzed reductive CO2 assimilation (E = enzyme of the bioengineered micro-organism); 
based on ref.[36] 
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2 Theoretical background 

In this chapter a theoretical basis for the discussion of photocatalytic reactions utilizing 

transition metal complexes will be set. Starting from the fundamental process of interaction 

between electromagnetic waves and matter, a description of photophysical and 

photochemical processes following photon absorption is presented. Moreover, the suitable 

ground state and excited state properties of ruthenium polypyridine complexes ultimately 

rationalizes the use of this molecular building block in systems used for photo(redox) catalytic 

processes presented in this thesis. 

 

2.1 Visible light – an extraordinary reactant 

On Earth, everything is constantly interacting with electromagnetic waves or photons, which 

represent their smallest building blocks. Photons act as energy as well as information carrier 

and the pure number of photons that hit a human body as well as the number of photons 

released from it is fairly large. Typically, the human body emits ca. 1022 infrared (IR) photons 

per second (see appendix A for details). However, considering that an average human contains 

ca. 2.7∙103 mol H2O or ca. 1.6∙1027 molecules of H2O (see appendix A for details), the amount 

of emitted photons becomes relatively small (this discrepancy will be explained below).  

Although these IR photons are only passively recognized by heat sensitivity via absorption and 

subsequent vibrational to kinetic energy dissipation, this is not the case for all fractions of the 

large electromagnetic spectrum, which ranges from energy-rich -rays to km long radio waves. 

Humans and many other species are able to detect photons ranging from 400 – 700 nm with 

their eyes. Consequently, this spectral region between 400 and 700 nm is called (visible, vis) 

light. For many species living above ground, vision is the dominant way to sense the 

environment. As a result, the human eye has been evolutionary developed to such an extent 

that it is able to recognize a single-photon incident.[46] The process of vision represents a first 

example of a photochemical process. In detail, photon absorption by retinal pigments of the 

eye leads to a regioselective cis-trans isomerization of the chromophore. This change of 

molecular geometry induces a biochemical reaction cascade that allows to recognize the 

environment in color and sufficiently good resolution.[18]  

However, the example of the human body emitting IR photons did already show that molecular 

processes are not only accompanied by the exchange of visible light photons. Typically, 

molecular vibration occur on a time-scale from 1014 s-1 (fast vibrations such as C-H stretching 

vibrations) to 1013 s-1 (slow vibrations such as C-Cl stretching vibrations).[47] In the classical 

picture of photon absorption, the frequency of the oscillating electromagnetic wave has to 

match the frequency of the triggered process. If this is the case, the oscillating electromagnetic 

field is called in resonance with a specific physic(ochemic)al change and consequently sets this 

process into oscillation. Considering the above-mentioned vibrational stretching frequencies, 

photon frequencies  in the order of 1014 s-1 to 1013 s-1 would be required to excite these 

processes. Expressed in wavelengths or wavenumbers, these frequencies would correspond to 
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photons with the following parameters (see Table 1 and appendix A): 3∙000 nm and 3∙333 cm-1 

(assuming  = 1014 s-1) or 30∙000 nm and 333 cm-1 (assuming  = 1013 s-1). Indeed, this are 

typical benchmark numbers found in IR spectroscopy.[48] 

Moreover, a similarly rough estimation can be made for electronic excitation. First, the 

interaction time between a photon and a light-absorbing chromophoric unit can be assumed 

to be represented by the time it takes the wavelength of a photon to zip by the 

chromophore.[47] By considering the speed of light, 3∙108 m/s = 3∙1017 nm/s, the time required 

by a  = 450 nm photon to pass a chromophore is given by t = 450 nm/3∙1017 nm/s = 1.5∙10-15 s 

(a chromophore typically consist of a limited number of atoms that is not significantly 

exceeding a diameter of 1 nm (10 Å) and can hence be approximated by a simple “point” in 
space considering the much larger pathlength of 450 nm a photon has to travel to traverse a 

full sinusoidal wave). This value matches well with the movement of electrons in orbitals which 

is typically in the order of ca. 1 Å in 10-15 s.[47] Consequently, the oscillating electromagnetic 

field of visible light may come in resonance with the electrons leading to oscillation and lateral 

displacement of the electrons. Hence, visible light is able to induce electronic excitations. 

An alternative picture of photon absorption (and emission) is the following: In the quantized 

world of the nanoscale (i.e. on the atomic/molecular scale), only certain energy levels exist. As 

a consequence, an excitation processes can only occur if the energy difference of the two states 

under consideration is matched by the photon energy since a species having an “intermediate” 
energy does simply not exist. This can mathematically be expressed as E = h = E2 – E1 with E2 

representing the energy of the energetically higher state and E1 the energy of the energetically 

lower state. Absorption of a photon hence leads to the population of an excited state, 

characterized by its energy E2, which is richer in energy by E than the ground state, 

characterized by the energy content E1. 

Table 1: Correlation between wavelength, wavenumber and photon energy for a selection of different 
parts of the electromagnetic spectrum relevant to electronic and vibrational excitation of molecules. See 
appendix A for calculation details. 

wavelength / 
nm 

wavenumber / 
cm-1 

photon 
energy / eV 

molar photon 
energy / kJ/mol 

molar photon 
energy / kcal/mol 

250 40∙000 4.96 478.5 114.5 
350 28∙571 3.54 341.8 81.8 
450 22∙222 2.76 265.8 63.6 
550 18∙182 2.25 217.5 52.0 
650 15∙385 1.91 184.0 44.0 

750 13∙333 1.65 159.5 38.2 
1∙000 10∙000 1.24 119.6 28.6 
2∙000 5∙000 0.62 59.8 14.3 
3∙000 3∙333 0.41 39.9 9.5 
5∙000 2∙000 0.25 23.9 5.7 
7∙500 1∙333 0.17 15.9 3.8 

10∙000 1∙000 0.12 12.0 2.9 
15∙000 667 0.08 8.0 1.9 
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In order to get an impression of the energy amount E a molecule takes up if a photon is 

absorbed, see Table 1. It summarizes various parameters that are typically encountered in the 

field of photochemistry and photocatalysis. Considering the fact, that bond energies range 

from ca. 100 kcal/mol for the relatively strong C-H single bonds[49] to 57 kcal/mol for the Cl-Cl 

bond[50] and to ca. 35 kcal for O-O bonds,[47] it is clear that absorption of a photon results in an 

energy increase which could – from an energetic point of view – lead to various unselective 

bond breaking processes. However, since the excited state rapidly dissipates a certain amount 

of excess energy into the environment, only some selected photochemical processes can occur 

which often do not involve uncontrolled breaking of chemical bonds. Nevertheless, in view of 

the high amount of excess energy, the excited state might be considered as a fundamentally 

different chemical species compared to the ground state. This opens many new reaction 

pathways that cannot be explored following a purely thermally route. 

In order to highlight the power of photochemistry even more, consider Table 2. Here, a 

selection of different wavelengths is presented along with the corresponding energy spacing 

of two respective states assuming that the given wavelength is the longest possible to effect 

the electronic or vibrational transition. As can be realized by calculating a simple Boltzmann 

distribution N2/N1 between the two states 1 (energetically lower) and 2 (energetically higher), 

even at typically bond-breaking temperatures of 500 °C or 5∙000 °C, only the electronic ground 

state is significantly populated. For example, assuming an electronic transition that may be 

effected by a 650 nm photon, only ca. 1.5 % of all molecules would populate the electronic 

excited state at 5∙000 °C in a purely thermal scenario (assuming this molecule would be 

chemically stable under these conditions, i.e. no bond breaking occurs). However, using a light 

source with a sufficient photonic output, a photostationary state having 1.5 % of all molecules 

in the excited state could be achieved, although the solution is kept at room temperature. 

Moreover, bonds may not be broken during excitation, since, as mentioned above, the excess 

energy of the photon is typically used to a large extent for electronic transition, i.e. electron 

density is redistributed within the molecule, and only to a smaller extent for vibrational 

excitation. Therefore, excessive bond elongation and bond breaking is typically prohibited.  

Table 2: Correlation between lowest photon wavelength and wavenumber necessary to effect a state 
transition with the respective energy level spacing as well as population differences of the energetically 
higher (N2) and lower state (N1). See appendix A for calculation details. 

wavelength / 
nm 

wavenumber / 
cm-1 

energy level 
spacing / J 

N2/N1-ratio at 

25 °C 500 °C 5∙000 °C 

250 40∙000 7.95∙10-19 1.07∙10-84 4.25∙10-33 1.80∙10-5 

450 22∙222 4.42∙10-19 2.24∙10-47 1.04∙10-18 2.31∙10-3 

650 15∙385 3.06∙10-19 5.06∙10-33 3.54∙10-13 1.50∙10-2 

1∙000 10∙000 1.99∙10-19 1.02∙10-21 8.08∙10-9 6.51∙10-2 

5∙000 2∙000 3.98∙10-20 6.33∙10-5 2.41∙10-2 5.79∙10-1 

20∙000 500 9.94∙10-21 8.92∙10-2 3.94∙10-1 8.72∙10-1 
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However, considering a photon of  = 5∙000 nm which can be attributed to the IR region of the 

electromagnetic spectrum, the N2/N1 ratio is also very small at room temperature (ca. 

0.00006). This means that under ambient conditions just the vibrational ground state (v = 0) is 

significantly populated. It therefore explains, why only a small amount of photons are emitted 

from the human body despite accommodating ca. 1.6∙1027 molecules of H2O. In addition, much 

of the vibrational energy is not lost in a radiative process via emission of an IR photon but via 

transfer of the excess vibrational energy into rotational or kinetic energy of the surrounding. 

Nevertheless, in contrast to the 650 nm / 5∙000 °C example above where the upper electronic 

state is populated by only ca. 1.5%, the N2/N1 ratio for two energy levels separated by only 

2000 cm-1 is ca. 0.58 at this temperature. This is equal to the meaning that ca. 37 % of all 

molecules populate the corresponding vibrational excited state (v = 1). 

 

2.2 Photochemistry and photophysics of small molecules 

As chapter 2.1 tried to explain the extraordinary features that result in a molecule with respect 

to its energy content following photon absorption, the next section will try to give a more 

detailed but still very general picture of the characteristics of an excited state. 

As shown in Figure 2.1, successful photon absorption by a suitable molecule M will generate 

an excited state M*. Owing to its energy surplus with respect to the ground state species M, 

M* will tend to dissipate this energy by either a physical or a chemical process. If regeneration 

of M directly proceeds from M* by a physical process, i.e. without any change of the chemical 

composition, this is called a primary photophysical process.[47] These processes can be 

differentiated into radiative as well as non-radiative pathways. Whereas the radiative pathway 

dissipates the excess energy of M* by emission of a photon, the non-radiative process removes 

the energy via dissipation of heat, i.e. ultimately the kinetic energy of the (solvent)molecules 

surrounding M* is increased. As will be discussed later, the radiative pathway itself is typically 

not operating via “pure” photon emission. Instead, just a significant fraction of the energy 
taken up during the absorption process is removed by the emission of a photon. This can be 

clarified by acknowledging that M* is not sharply defined as the initially populated excited 

state. M* rather represents an ensemble of possible excited states that may be formed by a 

sequence of a certain number of photophysical processes. As a result, also the definition of a 

primary photophysical process itself is not perfect. Nevertheless, the non-radiative process can 

be indeed considered as “pure” since no photon emission occurs. 

Depending on the excited state lifetime, M* may further undergo chemical transformations 

competing with the photophysical deactivation pathways. Such reactions, that directly proceed 

from M* and yield molecular structures of different composition or molecular geometry than 

M*, are termed primary photochemical processes.[47] Here, formation of an reactive 

intermediate I, typically a charge separated or zwitterionic species, as well as the direct 

generation of a product P may occur. However, very often P is not directly generated by 

photochemical deactivation of M* but is rather formed via I. Such a pathway is commonly 

called a secondary thermal process. 
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Figure 2.1: General reaction scheme defining photophysical and photochemical processes that compete 
for deactivation of the excited state M*; based on ref.[47] 

Since a major field of photochemistry is represented by photocatalysis, some additional 

features have to be added to Figure 2.1. The adapted reaction scheme is depicted in Figure 2.2. 

It highlights, that photocatalysis (indicated by dashed lines) can occur by different mechanisms 

as well as at different stages of the general M → P route. Additionally, it also shows that in 

some cases stoichiometric amounts, in other cases only catalytic amounts of photons are 

required. For example, the thermally equilibrated M* might act as so-called sensitizer by 

transforming the substrate S into its excited state S* via an energy transfer process. In analogy 

to the scheme shown in Figure 2.1, S* may now undergo its own photophysical or 

photochemical deactivation pathways. A prominent example of such a photocatalytic process 

is the formation of 1O2 which will be discussed later in more detail (see chapter 5.5 and 

manuscript [AM6]). For this process a stoichiometric amount of photons would be needed, 

since every energy transfer (EnT) process is coupled to the regeneration of the 

photosensitizer´s ground state M. 

In contrast, only a catalytic amount of photons would be needed if a photochemical product P 

would act as catalyst, constantly converting the substrate S into the corresponding product Z2. 

Although such processes are rather rare, a regioselective deuteration of 1,10-phenanthrolines 

was found to proceed via this mechanism using RhICp* complexes as catalytically active species 

P (see chapter 5.4 and publication [AM5]).  

Finally, substrate conversion (S → Z1) might also proceed via regeneration of the starting 

molecule M thereby consuming the active catalyst species P. As a consequence, stoichiometric 

photon supply is required for this process as well. Typically, photoredox catalytic processes 

such as the natural photosynthesis fall into this category. Per definition, in a photoredox 

catalytic process the redox states of the substrates is permanently changed. In order to achieve 

this, the redox state of the catalyst therefore has to be changed temporarily and reversibly; the 

catalyst hence acts as a visible light-driven mediator of redox equivalents, driving reactions 

that would be endergonic in the absence of light. An example, which is based on this specific 

type of photocatalytic process, is given for the photocatalytic nicotinamide reduction which 

will be presented in chapter 5.2 (see paper [AM3]). 

After this general overview, the individual photophysical and (photo)chemical processes 

competing along M → P will be discussed in more detail. Since M → M* represents the starting 

point for every photochemical and photocatalytic process and radiative as well as non-radiative 

deactivation pathways M* → M often constitute major bottlenecks in achieving reasonably 

efficient photochemistry, photophysical processes will be analyzed first. 
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Figure 2.2: General photochemical reaction scheme including important photocatalytic processes 
(dashed lines) that may proceed directly from M* or a different chemical species P which is only obtained 
via the intermediate M*; based on ref.[47] 

The absorption of a photon can be described by the interaction of the electric part of the 

electromagnetic field inducing a force on the charged particles of the molecule. However, 

owing to their high mass and therefore slow movement, the nuclei are not affected by the 

high-frequency visible light (vis) photons (see above). Instead, force is only effectively 

transmitted to the electrons. This results in an oscillation of the electron density between an 

appropriate initial and the final state.[51] As soon as the perturbing electromagnetic field is 

switched off, there is a certain probability that the system can be found in the excited rather 

than the ground state. This process, which is only allowed to occur if the resonance criterion 

E = h is fulfilled, results in experimentally detectable absorption. The process of switching 

off the incident electromagnetic field may either interpreted as removal of the light source 

(large timescale) or more appropriately as a temporarily short “photon-gap”, i.e. there is a 

certain time lag until a second photon hits the same chromophore again. 

In addition to the resonance criterion E = h, several other and often wavelength-dependent 

parameters influence the detectable absorbance of a compound. As a result, the observed 

absorbance, i.e. the chance to find a molecule in the excited state after the electromagnetic 

field is switched off, is wavelength-dependent as well. Consequently, this is also manifested in 

the Lambert-Beer law which connects a detected absorption (or extinction E) with the 

concentration of the analyte.[52] 

  𝐸 = log10 𝐼0𝐼 = 𝜀𝜆𝑐𝑑  (eq. 2.1) 

Here, I0 stands for the initial intensity of the light beam and I for the intensity of the light beam 

after passing the sample. Furthermore, the analyte concentration is given by c, the path length 

(diameter of the cuvette) is given by d and the wavelength-dependency is introduced by the 

extinction coefficient . Due to the logarithmic correlation, E = 0 indicates I0/I = 1, i.e. no 

photon absorption occurs; E = 0.05 indicates I0/I = 1.122, i.e. 10.9 % of all incident photons are 

absorbed; E = 0.10 leads to I0/I = 1.259, i.e. 20.6 % of the photons are absorbed. 50 % of all 

photons are absorbed at E = 0.30, 90 % at E = 1.00 and 99 % at E = 2.00. 

A way to describe the probability of photon absorption and hence to estimate the size of  is 

given by the transition dipole moment. It can be factorized into an electronic transition 

moment (depending on the symmetry and overlap of the orbitals matching the 

E = h criterion), a spin overlap integral (depending on the total electron spin in ground and 
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excited state) as well as an overlap integral of the initial and final wave functions for nuclear 

vibrations. These factors then result in different selection rules, i.e. at which intensity a given 

electronic transition can be observed. If one of these factors is zero, the transition dipole 

moment in total will be zero as well. Such a situation results in  ≈ 0, no absorption is observed, 

and the transition is called forbidden. If none of the factors is zero or close to zero, the 

transition is called allowed. 

Typically, in absence of heavy elements, the spin overlap integral is only significantly different 

from zero if the multiplicity of the initial and the final state are the same. Hence, the spin-

selection rule states that no spin flip of the electron occurs during the excitation process and 

only singlet-singlet, doublet-doublet, or triplet-triplet (and so on) absorptions can be observed. 

Another selection rule can be found for molecules bearing a center of inversion.[51] This e.g. 

applies to octahedral metal complexes. Only excitations with the symmetry labels g → u or 

u → g are allowed but not the transitions involving g → g or u → u. An orbital is characterized 

by g/u if it is symmetric/unsymmetric with respect to the center of inversion. Since all atomic 

orbitals (AO) of a given subshell possess the same symmetry label, p → p or d → d transitions 

are forbidden. However, due to the constantly occurring vibrations which reduces the overall 

symmetry, weak transitions might be observable. 

The last factor, the overlap integral of the initial and final wavefunctions for nuclear vibrations, 

is illustrated in Figure 2.3. It is rooted in the above discussed different time regimes in which 

vibrations and electronic excitations occur. As a result, the Condon-approximation states, that 

as the electronic transition is much faster than the nuclear movements, electronic excitation 

occurs at a fixed nuclear geometry.[51] Consequently, the excitation process occurs in a vertical 

fashion connecting electronic ground state and electronic excited state (denoted as S0 and S1 

in the left diagram of Figure 2.3, respectively). 

 

Figure 2.3: Graphical illustration of the FC-principle (left) and general Jablonski-Scheme (right) for a 
generic molecule (v = quantum number of the respective vibrational state, abs = absorption, VR = vibra-
tional relaxation, IC = internal conversion, ISC = intersystem crossing; bold black lines represent 
electronic, solid gray lines indicate vibrational energy levels; v = 0 is meant to be integrated in the bold 
black lines). 
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The two electronic states depicted in the left diagram of Figure 2.3 are modeled as harmonic 

oscillators. This implies that along a given internuclear distance axis the potential energy 

increase by either shortening or enlarging the atomic distance by the same value x is identical. 

In addition, the corresponding vibrational levels with their respective vibrational quantum 

numbers v and the respective vibrational wavefunctions are additionally included.[52] In view 

of the fast electronic transition, an excitation process will be more likely, if the internuclear 

distance of the excited state matches the internuclear distance of the ground state. Since the 

square of the vibrational wavefunctions is associated with the probability to find the system at 

a given internuclear distance, electronic excitation is efficient, if the vertical excitation process 

connects the maximum of the ground state with a vibrational wave function maximum of the 

excited state. This is principally the essence of the Franck-Condon (FC) principle which states 

that the shape of an absorption band is correlated to the square of the overlap integral (FC 

factor) of the vertically connected vibrational wavefunctions.[51] Considering the Boltzmann 

distributions presented in Table 2, only the vibrational ground state v = 0 is essentially 

populated at room temperature. Hence electronic excitation always starts from this state, as 

graphically represented in Figure 2.3 (S0, v = 0). As shown there, a large positive vibrational 

wavefunction overlap is only observed for the v = 0 → v = 2 (0,2)-transition. For the 

energetically lowest 0,0-transition however, the experimentally observed extinction 

coefficient  would be rather small. 

If the photon absorption was successful, i.e. the molecule is now populating the initially excited 

state, a variety of different photophysical processes can occur. This is depicted in Figure 2.3 on 

the right, showing a general Jablonski scheme. Here, different electronic levels are represented 

as bold black lines and vibrational levels as solid gray lines. In a Jablonski scheme, photophysical 

processes connect the individual energy levels. Assuming that visible light excitation populates 

an excited state that possesses an altered electron density distribution compared to the 

ground state, which leads to an elongation of the bond length under consideration (see the left 

diagram in Figure 2.3), typically vibrational hot states (v ≠ 0) will be populated. The kinetically 

fastest process, i.e. the process that will occur first after the formation of the initial excited 

state, will be the so-called vibrational relaxation (VR). Via VR excess vibrational energy is 

efficiently dissipated into the surrounding environment leading to an increase in kinetic and 

rotational energy of the solvent molecules. Since the energy dissipation relies on collisions with 

these solvent molecules, the rate of VR is limited by the collision rate. The latter occurs with a 

rate in the order of ca. 1013 s-1 and hence VR proceeds on the picosecond timescale.[51] At the 

end of VR, an electronically excited state is formed, where only the respective v = 0 level is 

efficiently populated. Additionally, it should be noted, that especially in the case of larger 

molecules, the dissipation of a big amount of vibrational energy associated to a single vibration 

(large v) may also proceed by excitation of vibrational modes assigned to other parts/bonds in 

the molecule. The molecule hence acts as its own heat bath and effectively prohibits its 

uncontrolled destruction associated with bond breaking due to highly excited atomic 

vibrations. 

However, in addition to the S0 → S1 excitation, photons of higher energy (hii and hiii) may 

result in other spin-allowed singlet-singlet transitions such as the graphically represented 

S0 → S2 and S0 → S3 excitations (black straight arrows, Figure 2.3). Here, the initially occurring 
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VR is followed by a transition from one electronic state of singlet multiplicity to another 

electronic state of singlet multiplicity. Such a transition between electronic states proceeding 

without changing the multiplicity of the system is called internal conversion (IC). It should be 

noted, that contrary to the typically utilized notation (which is also used in the Jablonski 

scheme depicted in Figure 2.3), a transition between two electronic states proceeds without a 

change of energy. Hence, the green wavy arrows indicating IC would have actually to be drawn 

horizontally rather than vertically. However, to avoid an overloading of the Jablonski scheme 

with a multitude of vibrational levels, IC is typically drawn as vertically oriented wavy arrows. 

In order to clarify this, see Figure 2.4. 

Here, different possibilities for the horizontal (internuclear distance) as well as vertical 

displacement (energetic difference) of two electronic states are depicted. Comparing the cases 

i) and ii), a much higher vibrational wavefunction overlap is found for the strongly displaced (ii) 

compared to the almost nested surfaces (i). As for these non-radiative transitions between 

different electronic states the same arguments with respect to vibrational wavefunction 

overlap do apply as for photon absorption, a much higher probability for surface crossing will 

be found for situation ii) compared to situation i).[53] Consequently, rigid systems which exhibit 

mostly nested surfaces will be rather long-lived, considering that this general discussion also 

applies to the non-radiative deactivation of S1 → S0. In contrast, flexible molecules will typically 

have a high chance for fast non-radiative deactivation which might limit their use in 

photochemical reactions/applications that depend on long-lived excited states. In 

intermediate situations where the respective potential energy surfaces are neither nested nor 

as extremely displaced as depicted for situation ii), a thermally activated surface crossing might 

occur. In this case, better FC factors might be obtained, if surface crossing proceeds from e.g. 

v = 1, since the maxima of this vibrational wavefunction are no longer as centered as for 

v = 0.[54] Despite the relatively low population density of v = 1 (see Table 2), the significantly 

optimized FC factors might result in higher rates for surface crossing compared to the situation 

where surface crossing proceeds from the highly populated v = 0 state. 

Similar considerations do also apply if scenarios i) and iii) are compared. If the energy gap 

between the energetically higher and the energetically lower lying states is decreased 

(Ei) > Eiii)), transitions between these states is accelerated since the FC factors are increased. 

 

Figure 2.4: Potential energy surfaces qualitatively representing the efficiency of transitions between 
different electronic states by evaluation of the vibrational wavefunction overlap. 
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This general assumption has been experimentally proven and is known as the famous energy-

gap law.[55,56] It states that the rate of non-radiative relaxation is exponentially increased by 

decreasing energetic differences between the lowest excited state and the ground state. It 

should be noted, that the energy gaps between the various excited states (E(S2/S1) and 

E(S3/S2), see Figure 2.3) are typically smaller than the energy gap between the lowest excited 

state and the ground state (E(S1/S0)). Consequently, ICs between the various excited states 

proceed faster than the non-radiative relaxation from S1 → S0. Since ICs between the excited 

states occur with rates of at least ca. 1012 s-1, the even faster VR that generate the v = 0 state 

for every excited state, is directly followed by ICs to the energetically lowest excited state. 

Additionally, as a result of the higher rates for VR compared to IC, ICs are typically irreversible. 

These kinetic arguments also represent the basis for the famous rule of Kasha which states, 

that photochemistry as well as radiative processes occur from the energetically lowest excited 

state with v = 0. In the presence of heavy elements, the rate for transitions between electronic 

states of different multiplicity might compete with the above described deactivation of the S1 

state, yielding e.g. the T1-state via intersystem crossing (ISC) from S1 (v = 0). 

Using the graphical representation of Figure 2.4, two other facets relevant to the design of 

transition metal complexes with long-lived excited states by reducing the rate of non-radiative 

deactivation may be explained.[51] First, with increasing vibrational quantum number v, the 

quantum mechanical description of an (in)harmonic oscillator more and more resembles the 

classical counterpart of two particles connected by a spring. Hence, the possibility to find the 

system at the turning points increases whereas the chance to find the system at the point of 

maximum kinetic energy decreases. In quantum mechanical terms this can be understood by 

the size of the amplitudes of the vibrational wavefunctions which become bigger at the outside 

of the potential wells and become smaller in its center. 

For a given energy gap of the two electronic states, vibrations with a big spacing between the 

individual vibrational levels are hence more effective in non-radiative deactivation than 

vibrations with small energetic spacing of these levels. This can be explained by the fact, that 

a smaller vibrational quantum number (e.g. v = 6) is needed in case of large vibrational level 

splitting for overcoming the energy gap between the electronic ground and excited state, 

compared to the scenario where the vibrational energy levels are more closely spaced. Here, 

higher vibrational quantum numbers (e.g. v = 11) for overcoming the electronic energy gap are 

needed. Considering the scenario of nested surfaces, larger FC factors and concomitantly also 

higher probabilities for transitions between the different electronic states are therefore found 

if the non-radiative transition between the two electronic states ends up in a vibrational level 

with smaller vibrational quantum number v. Assuming the simple case of an harmonic 

oscillator, the energy of the different vibrational levels is given by[52] 

 𝐸𝑣 = ℎ ∙ 𝜈0 ∙ (𝑣 + 0.5)  (eq. 2.2) 

with h representing the Planck constant and 𝜈0 the frequency of vibration. Therefore, the 

energy levels are always separated by an energy difference of h𝜈0. Consequently, high 

frequency vibrations such as C-H stretching vibrations (ca. 3000 cm-1, Ev ≈ 0.37 eV)[48] are 

much more effective than low-energy vibrations such as C=C-stretching vibrations (which are 

e.g. found in aromatics with ca. 1550 cm-1 or Ev ≈ 0.19 eV)[48] in deactivating the excited state 
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non-radiatively. Hence, one possibility to design long-lived excited states is to avoid the 

excessive use of moieties bearing high-frequency modes. 

As a direct result of the above analyzed strategy, reduction of the frequency of vibration 

without strongly affecting the chemical composition of the chromophore is a second way to 

increase the excited-state lifetime if non-radiative deactivation represents a dominant excited 

state relaxation pathway. By considering the following equation for the vibrational frequencies 

of the harmonic oscillator[52] 

 𝜈0 = 12𝜋 √𝐷𝜇  (eq. 2.3) 

where D accounts for the strength of the chemical bond and µ represents the so-called reduced 

mass, which can be calculated using[52] 

  𝜇 = 𝑚1∙𝑚2𝑚1+𝑚2 (eq. 2.4) 

the general approach becomes obvious. Here, m1 and m2 represent the masses of the 

respective atoms which are connected by the vibrating chemical bond. As large reduced 

masses reduce the frequency of vibration 𝜈0, an increase of the masses of m1 and/or m2 

without affecting the chemical nature of the system will result in the desired reduction of 𝜈0. 

The parallel increase of e.g. m2 without affecting the general chemical constitution of the 

system is typically achieved by isotope exchange (the strength constant D is assumed to be 

unaffected by an isotope exchange). The strongest effect is observed if an H-atom is exchanged 

for a D-atom, since the mass is increased by a factor of ca. 2. This is clarified using a simple 

calculation. Using m1 = m(12C) = 12 u, m1´ = m(13C) = 13 u, m2 = m(1H) = 1 u and 

m2´ = m(2H) = 2 u the following reduced masses are obtained: µ(12C-1H) = 0.923 u,                     

µ(12C-2H) = 1.714 u, µ(13C-1H) = 0.929 u and µ(13C-2H) = 1.733 u. Clearly, the exchange of H for 

D has a strong impact on µ whereas the isotope exchange of 12C for 13C has an almost negligible 

effect. Since it was already discussed above that C-H stretching vibrations are one of the main 

deactivators of excited states, deuterations to replace as many C-H bonds by C-D bonds as 

possible in the respective molecule are a second important strategy to extend excited-state 

lifetimes.[57,58] By using the above calculated ratios, the following relation can be deduced 

  
𝜈0𝐶𝐻𝜈0𝐶𝐷 = √𝜇𝐶𝐷√𝜇𝐶𝐻 = 1.363 (eq. 2.5) 

Assuming a C-H stretching vibration of 3∙000 cm-1, C-D stretching vibrations at 2∙200 cm-1 would 

be expected. Indeed, these vibrations were observed in the respective spectral region[59] and 

C-H/C-D exchanges have found widespread use in excited state lifetime prolongation.[60–62] 

After discussing the non-radiative deactivations in detail, the following section will analyze 

radiative deactivation pathways. As depicted in Figure 2.3, radiative deactivation can be 

differentiated into either fluorescence or phosphorescence. Fluorescent deactivation occurs if 

the process connects two electronic states of the same multiplicity whereas an emission 

process is called phosphorescent if the two connected electronic states possess different 

multiplicities. As for the emission of a photon the same considerations do apply as for photon 

absorption, the location and broadness of the emission band can be analyzed by evaluation of 
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the FC factors for emission. As pointed out by Kasha´s rule, photon emission only occurs from 

the v = 0 level of the energetically lowest excited state. Since the factors that determine the 

size of the transition dipole moment are the same for absorption and emission, a simple 

equation can be used to estimate the radiative lifetime 𝜏𝑟:[51] 

  𝜏𝑟 ≈ 10−4𝜀𝑚𝑎𝑥 (eq. 2.6) 

Since strongly allowed absorptions typically occur with max up to 100∙000 L mol-1 cm-1, the 

radiative lifetime may be as small as 10-9 s. Therefore, fluorescence typically occurs with rates 

of ca. 106 s-1 to 109 s-1 (the rate is the reciprocal value of the lifetime). By comparing these 

values with typical rates of vibration which range between ca. 1012 s-1 to 1013 s-1 it becomes 

evident that the molecule performs thousands to millions of vibrations before fluorescence 

occurs.[47] The same is true for phosphorescence, which occurs with rates similar or slower to 

fluorescence. In addition, if the lifetime of an investigated molecule is shorter than 10-9 s, it is 

clearly not limited by fluorescence but rather by a different process (chemical reaction or non-

radiative deactivation). 

Figure 2.5 graphically represents important scenarios in discussing the emission process. For 

perfectly or nearly perfectly nested surfaces, the 0-0 transitions would be observable in the 

absorption as well as in the emission spectrum. Slight deviations from perfectly nested surfaces 

would result in observable 0-0 transitions, albeit with relatively low intensities due to smaller 

FC factors. In such a scenario, the maxima between the absorption and emission spectrum 

would occur at significantly different energies since e.g. the S0(v = 0) → S1(v = 2) absorption 

might possess the largest FC factor for absorption and the S1(v = 0) → S0(v = 1) transition might 

exhibit the highest FC factor for emission. Since with the exception of the 0-0 transition all 

emitted photons exhibit lower energy than the photons needed for absorption, the emission 

spectrum is bathochromically shifted with respect to the absorption spectrum (Stokes shift). 

Consequently, the bathochromic shift between the maximum of the absorption and the 

maximum of the emission spectrum represents an important parameter with respect to the 

energetic and structural relaxation of the excited state. 

If the two surfaces are much stronger displaced (consider graphic iii) in Figure 2.5), a 0-0 

transition would be neither observed in the absorption nor the emission spectrum. Instead 

absorption and emission spectra would be separated by an even larger Stokes shift. Typically, 

in emission spectra, as well as in absorption spectra, the single vibrational levels cannot be 

resolved assuming the chromophore is investigated in solution. This is due to broadening of 

the individual vibrational bands by a multitude of possible supramolecular arrangements of the 

solvent surrounding the chromophore.[47] This gives rise to many possible transitions only 

differing by very small amounts of energy. In contrast to the absorption spectrum where a 

variety of different bands can be recorded due to S0 → S1, to S0 → S2 or to S0 → S3 transitions, 

emission typically occurs as a single and rather broad band since only the S1 → S0 transition is 

operative in photon emission. 
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Figure 2.5: Graphical representation of the emission process using potential energy surfaces (i and iii) or 
a Jablonski scheme (ii) representing possible absorption processes by upward arrows and possible 
emissions by black downward arrows. 

Similar to the emission process which only occurs from the electronically lowest excited state, 

also photochemical reactions start from here. As every photochemical reaction has to compete 

with the various non-radiative and radiative relaxation pathways outlined above, chemical 

processes originating from the thermally equilibrated excited state have to proceed at similar 

or higher rates than the deactivations. Only in this case, effective chemical processes would be 

observable. Since many photochemical reactions are performed at or close to room 

temperature, effective competing with the photophysical deactivation pathways is only 

possible if the reactions proceed nearly barrierless. The most important photochemical 

reactions that proceed at rates effectively competing with photophysical deactivation are 

electron transfer and energy transfer reactions. 

These two types of bimolecular photochemical reactions can be visualized on a very simple 

orbital energy level diagram as depicted in Figure 2.6. As can be seen, excitation of the 

chromophoric molecule M results in the formation of M* characterized by one electron in the 

energetically higher, formerly not populated orbital, and only one remaining electron in a 

formerly doubly occupied orbital (these orbitals are not necessarily the highest occupied or 

lowest unoccupied molecular orbitals, HOMO and LUMO, respectively). In view of this new 

electron distribution, M* represents a stronger reductant as well as a stronger oxidant 

compared to M. Hence, reduction of a suitable acceptor A or oxidation of a suitable donor D 

may occur. It should be noted that the acceptor A therefore needs to possess a LUMO of lower 

energy than the singly occupied molecular orbital (SOMO) of higher energy of M*. Similarly, D 

should exhibit a HOMO of higher energy than the energetically lower SOMO of M*. A more 

detailed analysis of photoinduced electron transfers will be given in chapter 2.3. On the other 

hand, the new electron distribution of M* results in a higher energy content compared to M. 

This is graphically represented e.g. in Figure 2.5, where the potential energy surface of the 

electronically excited S1 state is located energetically above the S0 state. In presence of a 

suitable acceptor S, the energy can be transferred from M* to S yielding M and S* (see also 

Figure 2.2).  
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Figure 2.6: Simplified graphical representation of electron transfer (eT) and energy transfer (EnT) 
reactions starting from the excited state M*. 

If M* is able to undergo radiative deactivation, a simple method to detect and assess the 

efficiency of bimolecular photochemical reactions is represented by the luminescence 

quenching experiment. Therefore, the Stern-Volmer equation is applied[51] 

  
𝜏0𝜏 = 1 + 𝜏0 ∙ 𝑘𝑞 ∙ [𝑄] (eq. 2.7) 

where 0 and  represent the lifetime of the excited state in absence and presence of a specific 

amount of quencher Q. kq constitutes the quenching rate constant and the product of 0∙kq is 

typically written as Stern-Volmer constant kSV. Although the excited state lifetimes are 

experimentally difficult to detect, 0 and  can be substituted for I0 and I, the recorded emission 

intensity in absence and presence of a given amount of Q. This substitution is only applicable 

provided the absorbance of the investigated species is not changing upon addition of 

increasing amounts of Q. Under the simplified assumption that the quenching rate constant kq 

can be approximated by the diffusion constant kd, i.e. every collisional contact between the 

quencher and the excited state results in a successful chemical reaction, it can be calculated at 

which quencher concentration [Q] certain values of intensity decrease can be obtained if 0 is 

known. For [Ru(bpy)3]2+ 0 has been determined in deaerated acetonitrile (MeCN) to be 

920 ns.[63] Since the diffusion constant kd in MeCN is 1.9∙1010 M-1 s-1,[47] the necessary quencher 

concentration to reduce the [Ru(bpy)3]2+ emission by 50 % would be [Q] = 57.2 µM and to 

reduce the emission by 90 % would be [Q] = 515 µM. 

As visible light-driven redox reactions will be discussed in detail in chapter 2.3, in the following 

the EnT process will explained shortly. EnT processes can be differentiated into trivial 

(radiative) and nontrivial (non-radiative) scenarios. Considering Figure 2.7, a trivial, radiative 

EnT would occur if M* radiatively relaxes back to the ground state and S simply reabsorbs the 

emitted photon to get electronically excited. For such a process the emission spectrum of M 

and the ground state absorption spectrum of S would have to overlap. Additionally, since the 

photon reabsorption by S is completely independent from any interaction with M*, first, the 

emission lifetime of M* would be not affected by the concentration of S, and second, the 

extinction coefficients for the absorption process play a decisive role in determining the 

efficiency of this process. Therefore, a change in multiplicity during the electronic excitation of 

S, which is typically accompanied by small extinction coefficients, cannot occur via this trivial 
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Figure 2.7: Graphical representation of the different energy transfer (EnT) processes that might occur if 
M* is assumed as the energy donor and S as the energy acceptor. 

reabsorption mechanism. Moreover, owing to the lack of any necessary interaction between 

M* and S, in absence of any further reaction partner this simple EnT would obey unimolecular 

reaction kinetics. 

In contrast to the simple photon reabsorption process, the Förster resonance energy transfer 

(FRET) and the Dexter energy transfer are based on interactions between M* and S. Therefore, 

these processes might follow bimolecular reaction kinetics. As depicted in Figure 2.7, FRET 

depends on a coulombic (or dipole-dipole) interaction between M* and S whereas for the 

Dexter EnT exchange interactions are dominant. As schematically shown in Figure 2.8, various 

scenarios regarding the energetic prerequisites of the EnT processes can be differentiated. In 

all cases, photon absorption by M is initially followed by thermal equilibration according to 

Kasha´s rule. As the EnT process occurs isoenergetically, i.e. the law of conservation of energy 

is fulfilled, the complete energy content associated with the various relaxation possibilities of 

M* is transferred to S. This is true for the above described radiative as well as for the two non-

radiative processes. Therefore, an EnT process proceeds efficiently, if many energetically 

overlapping transitions connecting M* → M and S → S* do exist. Such a high density of 

isoenergetic states is typically expressed by a good overlap integral between the M* emission 

band and the absorption of S. However, as will described later, only for the FRET the actual 

values of the extinction coefficients of S (S) are important whereas for the Dexter EnT S is 

nonrelevant. 

The typical energetic positioning of the M/M* and S/S* couples is shown by scenario i) of 

Figure 2.8. Here the excitation energy amount conserved in M* is larger than the S/S* splitting. 

Consequently, EnT is accompanied by vibrational excitation of S. In analogy to ICs of upper into 

lower excited states, in such a scenario EnT is practically irreversible and unidirectional towards 

S, since fast VR non-radiatively deactivates the hot S* state into S* (v = 0). Moreover, the 

largest spectral overlap enabling many coupled transitions is found in this scenario too. 

Contrary, the E(M/M*) ≈ E(S/S*) scenario ii) offers the possibility for practically reversible 

EnT; here, S* might regenerate M* by a process written as M + S* → M* + S. Such situations 

are e.g. utilized for prolongation of the excited state lifetimes of Ru polypyridine complexes 

(M) bearing an organic electronic energy reservoir (S).[64] Since in this case the EnT is a triplet-

triplet EnT process, the very long-lived triplet state of the organic reservoir (S*) is typically 

regenerating the energetically lowest triplet state of the Ru complex more effectively than 

deactivating back to the ground state (S) by phosphorescence or a non-radiative pathway. 
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Figure 2.8: Jablonski scheme depicting the different energetic relationships for the M/M* and S/S* 
couple. For i) E(M/M*) > E(S/S*), for ii) E(M/M*) = E(S/S*), for iii) E(M/M*) < E(S/S*). The 
dashed arrows indicate the different electronic relaxations of M* that may induce excitation of S. 
Coupled transitions are indicated by dashed lines. Bold black lines indicate electronic states and solid 
gray lines indicate different vibrational levels; the v = 0 levels are meant to coincide with the bold black 
lines. 

Finally, scenario iii) of Figure 2.8 shows that practically no coupled transitions do exist if 

E(M/M*) < E(S/S*) since this would violate the law of conservation of energy. Consequently, 

no EnT would be expected in this case. 

In order to describe the interaction mechanisms that induce EnT in detail, first FRET is 

considered. In a classical picture, M* can be seen as a transmitter antenna since the excited 

electron constantly oscillates along a certain part of the molecular framework, which is 

typically defined by the molecular orbital that accommodates this electron. As the so 

generated oscillating electric dipole field also extends to a certain degree into the environment, 

nearby molecules such as S might recognize the oscillating dipole as a “virtual photon” with an 
electric field frequency defined by the electron oscillation. If this frequency matches with the 

resonance criterion of a S → S* transition E = h, S might accept the electric excess energy 

from M* such as it would accept the energy of a photon via absorption. S hence acts as receiver 

antenna of the oscillating electric dipole field generated by M*. As for this dipole-dipole 

interaction the same prerequisites as for typical photon absorption are applicable, the same 

parameters also define the efficiency of EnT via this dipole-dipole mechanism. Therefore, FRET 

only occurs in systems where the S → S* transition would also occur with large extinction 

coefficients for classical photon absorption. Consequently, only singlet-singlet energy transfers 

can be described by the Förster mechanism since the extinction coefficients for a S → S* 

transition directly populating the excited triplet state are typically negligible or very low. 

Therefore, the also occurring triplet-triplet energy transfers can only be described by the 

Dexter mechanism. 

Since the oscillating electric dipole field extends into the surrounding, no physical contact, i.e. 

orbital overlap between M* and S, is necessary for FRET. Therefore, FRET sometimes is also 

called through-space mechanism. However, theoretically predicted and experimentally found 

is a distance dependence of the rate of energy transfer that is proportional to r-6 (r representing 

the intermolecular distance between M* and S). For practical purposes a so-called Förster 

radius R0 is defined, which indicates the distance at which EnT via the Förster mechanism 

deactivates 50 % of all excited states (this includes that the remaining 50 % of all excited states 
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M* still deactivate radiatively or non-radiatively). Since R0 depends on the spectral overlap of 

M* emission and S absorbance, R0 is experimentally always determined for a specific 

chromophore pair. The efficiency E at which the FRET occurs, can then be calculated by[65] 

  𝐸 = 11+( 𝑟𝑅0)6 (eq. 2.8) 

Hence, for r = 0.5∙R0, E = 98.5 % and for r = 2∙R0, E = 1.5 %. Consequently, FRET is not occurring 

at distances larger than 2R0 but is already nearly quantitative at distances of 0.5∙R0. For various 

M/S pairs the Förster radius R0 has been determined. Typical values for R0 range between 30 

and 50 Å.[66] Assuming R0 = 40 Å and considering the average length of a C-C single bond of ca. 

1.54 Å[67] and a typical chromophore size of ca. 10-20 Å,[47] it becomes clear that FRET can 

effectively overcome multiple molecular distances. Therefore, FRET is also the main EnT 

mechanism for the protein matrix embedded antenna complexes of natural photosynthesis. 

In contrast to this long-range EnT via the Förster mechanism, the EnT proceeding according to 

Dexter is only operative at short M*/S distances, since for the proposed concerted electron 

transfer (see Figure 2.7) orbital overlap is necessary. As the electron density typically falls off 

exponentially, the distance dependence of the Dexter EnT can be expressed as follows:[47] 

  𝑘𝐸𝑇~𝑘0 ∙ 𝑒−[𝛽∙(𝑟−𝑅𝑀/𝑆)] (eq. 2.9) 

Again, r describes the actual distance between M* and S. Moreover, RM/S represents the 

distance between the two molecules if they are in van der Waals contact and k0 gives the 

respective EnT rate constant at this RM/S spacing (typically on the order of 1013 s-1). Additionally, 

 represents a parameter that expresses the distance sensitivity of the rate of EnT. Since  is 

typically on the order of ca. 1 Å-1, an increase of distance by 1 Å reduces kET by a factor of e-1 

(≈ 0.369).  

Assuming a relatively short Förster radius R0 of 25 Å, a distance increase of 5 Å leading to a 

M*/S separation of 30 Å would result in a drop of EnT efficiency from 50 % to ca. 25 %. 

Performing the same calculation for the Dexter mechanism assuming  = 1 Å-1 and an EnT 

efficiency of 50 % at a distance of RM/S, a distance increase by 5 Å would yield an EnT efficiency 

of only 0.34 %. Even a distance increase of merely 2 Å would reduce the Dexter EnT efficiency 

from 50 % to 6.8 %. It therefore becomes obvious, that the Dexter mechanism only occurs on 

short distances due to the necessary orbital overlap whereas FRET represents the much more 

effective long-range EnT mechanism. 

As the efficiency of the Dexter EnT is depending on the strength of weak electronic exchange 

interactions, a qualitative description of when these interactions are effectively coupling the 

transitions is needed. As schematically depicted in Figure 2.9, the orbital overlap between the 

singly occupied orbitals of M* and energetically matching occupied and unoccupied orbitals of 

S, generates a new set of orbitals where the electrons are shared between M* and S. The 

resulting energy gain can be expressed as the electron exchange interaction leading to a lower 

energy of the system.[47] Depending on the energetic matching of the relevant orbitals as well 

as on the nature of the interacting species, three scenarios can be differentiated (see 

Figure 2.9). 
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Figure 2.9: Qualitative interpretation of weak electronic exchange interactions as a result of orbital 
overlap between M* and S or M; based on ref.[47] Due to similar orbital energies, exchange interactions 
are stronger in scenarios i) and ii) compared to the non-matching scenario iii). If the interactions between 
M* and S are so effective that these two entities are significantly bound to each other, the system is 
called an exciplex. If M* efficiently binds to M, the system is called an excimer. Exciplex and excimer 
emissions are red-shifted compared to the emission of M*, both processes are indicated by dashed 
arrows. 

The first two scenarios i) and ii) describe the possibility of energetically matching orbitals. Here, 

the energy gain resulting from an orbital overlap is significantly larger as for non-matching 

orbitals depicted in scenario iii). This results in a higher efficiency for energy transfer for the 

matching as for the non-matching scenarios. If the exchange interaction is so large, that the 

lifetime of the newly formed (M*/S)-species significantly overcomes that of the pure 

interaction time resulting from the collision of the two reaction partners, an exciplex is formed 

that might exhibit photophysical and photochemical features not available to the pure 

molecular systems.[47] As such, an exciplex emission typically occurs red-shifted compared to 

the M* emission (indicated by the dashed arrows in Figure 2.9). If the exchange interactions 

lead to a strong interaction between M* and M, such a species is called excimer (excited dimer, 

scenario ii) in Figure 2.9). 

In addition to the pure energy-gain argument presented in Figure 2.9 where the electrons were 

all treated as indistinguishable, Figure 2.10 analyzes the situation of orbital overlap with 

electrons that are ascribed to their originating molecule (M* or S) by color-code. As can be 

seen in the upper case of orbitals with matching energy levels, in the moment of collision 

induced orbital overlap, the electrons shared between M* and S would have the identical 

chance to relocate to their initial species or change the reaction partner to induce EnT. In 

contrast, the possibility for successful energy transfer in the scenario of energetically non-

matching orbitals would be much smaller since the excited electron initially belonging to M* 

would have to significantly increase in energy to populate the empty orbital of S after M* and 

S separate again from each other. However, although this scheme is only a strong simplification 

of the real situation, another possible reaction between M* and S might occur. Discounting all 

other energetic parameters but the initial electronic energy changes, M* and S might be 

involved in electron transfer. Here, an energetically favorable pathway would be given by 

transferring the electron pair (black) as well as the excited electron (orange) back to M, 

whereas only the electron possessing the second highest energy (orange) would relocate at S. 

This demonstrates that besides Dexter EnT also a redox reaction, leading to the photooxidation 

of S by M* yielding M- and S+, might occur. The relative outcome of EnT products (M and S*) 

or electron transfer products (M- and S+) will depend on the difference of the reaction rates at 

which these competing reactions do occur. 
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Figure 2.10: Qualitative graphical representation of EnT probabilities following the Dexter mechanism. 
The upper diagram analyzes scenario i) of Figure 2.9 with energetically matching orbital energies 
whereas the lower diagram dissects scenario iii) with energetically non-matching orbitals. Spatial 
separation of M* and S after collision not resulting in EnT is indicated by blue dashed arrows whereas 
successful EnT is indicated by the green dashed arrows. 

It should be further noted that in contrast to FRET, the actual extinction coefficient for the 

S → S* transition is irrelevant for the Dexter EnT process. This is the case since the latter 

operates via simultaneous electron exchange which is only depending on orbital overlap and 

resulting exchange energy and not on coulombic dipole-dipole interactions that can be viewed 

as a “virtual photon” inducing excitation of S. This irrelevance of the size of the extinction 

coefficient is mathematically treated by normalizing the M* emission as well as the S 

absorbance to a value of 1. For FRET only the M* emission is normalized to 1 whereas the 

absorbance of S is treated with the actual size of the extinction coefficients in determining the 

spectral overlap integral between M* and S.[51] As a consequence, the Dexter mechanism 

allows triplet-triplet EnT. This results in the peculiar possibility for a colored compound M to 

sensitize via its triplet excited state M* a non-colored compound S. This is typically found for 
1O2 sensitizers which effectively populate M* in triplet multiplicity. Since all spin-allowed 

transitions of ground state oxygen, 3O2, only occur in the UV-region, oxygen is actually 

colorless. The spin-forbidden population of 1O2 is however possible by the Dexter EnT. More 

details on 1O2 are given in chapter 5.5 (see e.g. Figure 5.47, Figure 5.48, and Figure 5.51). 

Finally, as the orbital splitting within the encounter complex correlates strongly with the 

overlap integral of the associated interacting orbitals, so does the exchange energy and 

consequently also the rate of EnT. This qualitatively reflects the above discussed strong 

distance dependence of the Dexter EnT as a decreasing distance between M* and S strongly 

increases the orbital splitting and exchange energy within the encounter complex. 
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2.3 Photochemistry and photophysics of ruthenium polypyridine 

complexes 

Of all photochemically active molecules, [Ru(bpy)3]2+ is probably one of the best investigated 

ones.[63] This is related to its favorable properties of visible light absorption with high extinction 

coefficients, sufficient excited state lifetime, suitable (excited state) redox potentials and a 

relatively good photostability in many solvents, which make it a “working horse” building block 
in applications such as energy conversion, photodynamic therapy and photoassisted organic 

synthesis.[68] As ruthenium polypyridine complexes possess an octahedral coordination 

geometry, their photophysical and photochemical properties which make this class of 

molecules so unique can be deduced from an analysis of a suitable molecular orbital scheme 

(MO-scheme). Therefore, a general MO-scheme for an octahedral complex is depicted in 

Figure 2.11 in which the ligand sphere is initially assumed to merely possess -donor 

properties.[51,69] As only orbitals of the same symmetry result in a net orbital overlap that is not 

canceling out constructive and destructive interference, just metal based orbitals of -

symmetry (dx2-y2, dz2, s- and p-orbitals) are involved in the formation of bonding and anti-

bonding MOs with the ligand sphere. Consequently, the metal d-orbitals of -symmetry (dxy, 

dxz, dyz; t2g-symmetry) behave as non-bonding orbitals. Since all 6 ligand-based -orbitals are 

considered to be filled with two electrons of antiparallel spin, the six MOs which mainly exhibit 

ligand character (therefore, the subscript L is used) are filled with 12 electrons. 

 

Figure 2.11: Simplified MO-diagram of an octahedral metal complex bearing only -donor ligands. 
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Therefore, metal-based d-electrons are placed in the corresponding metal-based MOs (t2g and 

eg*; hence, the subscript M is used). As in [Ru(bpy)3]2+ the ruthenium center possesses an 

oxidation state of +II, 6 metal based d-electrons have to be filled in the MO-scheme. In total, 

18 valence electrons surround the central metal giving rise to the noble gas configuration of 

Xe. For Ru2+, surrounded by three bpy ligands, the six electrons are all placed in the t2g orbitals. 

Since the energetically higher lying eg* orbitals are empty, photon absorption may lead to a 

metal based d-d-transition. It should be noted, that applying the so-called ligand-field theory, 

a much simpler theory for bonding in metal complexes where ligands are considered to behave 

like small negatively charged particles, results in the same splitting pattern of the metal-based 

d-orbitals.[70] The t2g and eg* orbitals are separated by E = , the d-orbital splitting energy of 

the octahedral ligand field. However, since these d-d-transitions are very weak in octahedral 

complexes due to the Laporte rule,[70] the MO-scheme has to be refined in order to explain the 

high extinction coefficients of [Ru(bpy)3]2+. 

First, the bpy ligands are no longer considered as pure -donor ligands but are provided with 

additional -donor properties. This results in an improved MO-scheme depicted in Figure 2.12. 

As can be seen, the added ligand features of -symmetry result in an overlap of three ligand-

based -orbitals with the three t2g orbitals of the metal. This results in a splitting of the t2g 

orbitals into a bonding t2g orbital with mainly ligand character (t2g, L) and a weakly anti-

bonding t2g* orbital of mainly metal character.  

 

Figure 2.12: Simplified MO-diagram of an octahedral metal complex bearing ligands with - and -donor 
properties. 
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Compared to the ligand sphere with pure -donor properties, o is decreased in this case since 

the t2g orbitals (now t2g* MOs) filled with 6 electrons are destabilized upon interaction with the 

fully occupied -orbitals.[51,71] It should be noted, that for the sake of clarity, the symmetry 

allowed interaction of the metal based t1u() and the ligand based t1u() orbitals are not 

considered here.[51] Therefore, nine of the twelve ligand -orbitals give rise to nonbonding fully 

occupied MOs. 

However, as a result of the expanded -system of the bpy ligands, also * orbitals of suitable 

energy for interaction with the metal based d-orbitals need to be included in the MO-scheme. 

This covalent interaction resulting in the redistribution of electron density from the metal to 

the ligand is referred as -backbonding. The ligand itself is therefore called a -acceptor or a 

-acidic ligand. In contrast, ligands with fully occupied -orbitals interacting with the metal 

orbitals are called -donor or -basic ligands (see Figure 2.12).[69,71]  

First, a ligand sphere with only -donor and -acceptor properties will be exemplified (see 

Figure 2.13). The only difference between this ligand environment and the one examined 

above possessing merely -donor properties (see Figure 2.11) is the interaction of the metal- 

and ligand-based t2g orbitals. In contrast to the destabilization of the t2g orbitals upon 

interacting with fully occupied -orbitals, combination with the empty *-orbitals results in an 

energetic stabilization of the metal localized t2g-MO.  

 

Figure 2.13: Simplified MO-diagram of an octahedral metal complex bearing ligands with -donor and 
-acceptor properties. 
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Since the metal-based eg*-MOs are not influenced by this interaction, o is increased compared 

to the ligand environment with pure -donor and combined - and -donor properties. As a 

result, the well-known spectrochemical series is led by strong -accepting ligands such as CO 

and CN-, followed by weak -acceptor and -donor ligands up to strong -donor ligands which 

give rise to the smallest o.[69] In analogy to the discussion of Figure 2.12, the interaction of 

metal- and ligand-centered t1u orbitals were not considered here as well, since this results in 

no deterioration of the final discussion on the absorption properties of ruthenium polypyridine 

complexes. Consequently, nine of the twelve *-orbitals remain energetically unchanged upon 

metal-ligand interaction.  

After discussing the individual influences of - and -donor as well as -acceptor properties of 

the octahedral ligand field on the construction of a suitable MO-scheme, all features are 

combined in the final diagram used for the in-depth discussion of the photophysics and 

photochemistry of [Ru(bpy)3]2+. As shown in Figure 2.14, the complete diagram can be 

considered as a symbiosis of the schemes depicted in Figure 2.12 and Figure 2.13 analyzing -

donor and -acceptor ligands separately.  

 

Figure 2.14: Simplified MO-diagram of an octahedral metal complex bearing ligands with - and -donor 
as well as -acceptor properties. The orbitals highlighted by the blue box constitute the relevant energy 
levels for explaining the absorption of light by ruthenium polypyridine complexes. 
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Therefore, the energetic positioning of the t2g*-MO is hence in between the extreme positions 

of these schemes, receiving destabilizing as well as stabilizing effects from -basic and -acidic 

ligand orbitals, respectively. In addition to the three- and twofold degenerate metal-localized 

MOs, three sets of MOs with mainly ligand-based contributions are highlighted in the blue box. 

These five energy levels allow to rationalize the experimentally observed absorption properties 

of [Ru(bpy)3]2+. 

To identify the nature and direction of the electronic transitions, a simplification of the MO-

scheme is performed as depicted in Figure 2.15. First, the multitude of degenerate MOs 

(scheme A) is transformed into a scheme with only one line per set of orbitals (B) which 

therefore no longer represents an individual MO. Upon filling the appropriate amount of 

electrons into this scheme, a HOMO with mainly metal character and a LUMO with mainly 

ligand character can be identified. As a result of the Pauli exclusion principle only the six 

electronic transitions depicted in scheme C are possible for [Ru(bpy)3]2+. Electronic transition 

either originate from occupied L (processes i-iii) or from occupied M orbitals (processes iv-vi).  

Both, processes i and iii describe ligand centered (LC) transitions giving rise to LC excited state. 

However, since ´L* is significantly higher in energy than L*, process iii describes an 

energetically much more demanding LC transition which hence occurs blue-shifted 

(hypsochromically shifted) with respect to process i. As process ii describes an electronic 

transition in which electron density is shifted from the ligand sphere towards the central metal, 

this process is referred to a ligand-to-metal charge transfer (LMCT) giving rise to a LMCT excited 

state. In contrast, the opposite is true for the HOMO-LUMO transition (process iv). Here, 

electron density is shifted from metal-centered orbitals to empty ligand based orbitals. 

Therefore, this process is known as a metal-to-ligand charge transfer (MLCT) thus leading to a 

MLCT excited state. An energetically more demanding MLCT is described by process vi.  

Finally, a metal centered (MC) or d-d-transition is represented by process v, populating a MC 

excited state. As already discussed before, this transition is the only one predicted from ligand 

field theory but occurs only with low extinction coefficients  since these transitions are parity 

forbidden by the rule of Laporte (g → g transitions are symmetry-forbidden, see chapter 2.2). 

 

Figure 2.15: Schematic overview of the relevant orbital sets which explain the absorption profile of 
ruthenium polypyridine complexes. From left to right the relevant orbitals of the MO-diagram (A) are 
simplified into a general HOMO-LUMO description (B). Consequently, six possible electronic transitions 
(i – vi) may occur in ruthenium polypyridine complexes (C). In the case of heteroleptic ruthenium 
polypyridine complexes (D) the degenerate set of L* orbitals may split into different sets of L* orbitals 
giving rise to distinguishable 1MLCT transitions on either ligand 1 (iv1) or ligand 2 (iv2). 
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As an expansion to scheme C describing the homoleptic [Ru(bpy)3]2+, heteroleptic complexes 

bearing two chemically different ligands may give rise to experimentally distinguishable MLCT 

transitions iv1 and iv2 (scheme D). Typically, resonance Raman (rR) spectroscopy is the method 

of choice to determine the wavelength-dependent MLCT localization.[72] 

In fact, most of the bands which were predicted by the analysis of the MO-scheme are 

experimentally observed in the ground state UV-vis absorption spectrum of [Ru(bpy)3]2+ (see 

Figure 2.16). Starting from the lowest energy transitions, first a weak band, corresponding to a 

spin-forbidden 3MLCT transition, is found.[63,68] Subsequently, a spin-allowed and therefore 

much more intense 1MLCT excitation (process iv in Figure 2.15) with a maximum around 

450 nm is observed. This broad band, which gives [Ru(bpy)3]2+-like complexes its characteristic 

red color as it constitutes the dominant visible light absorption, is typically excited if 

photocatalysis is performed. This main absorption band is followed by very weak Laporte 

forbidden d-d- transitions leading to the population of a 1MC state; these processes already 

occur in the UV region. At even higher energy, 1MLCT-transitions into higher singlet states are 

found. Finally, in the deep UV-region LC-transitions of the bpy-ligands are excited (process i). 

However, the ground state absorption spectrum mainly consists of electronic transitions which 

possess a sufficiently high oscillator strength with respect to the ground state. To explain the 

photophysical and photochemical properties of [Ru(bpy)3]2+, the interconversion of a set of 

excited states which cannot effectively be populated from the ground state has to be 

considered. These states from which chemical reactions as well as radiative and non-radiative 

relaxation occur, are depicted in Figure 2.17.  

Starting from the ground state S0 (black potential curve), photon absorption leads to the 

population of a 1MLCT state (red potential curve), following the Franck-Condon principle (since 

all higher excited states will relax into this 1MLCT state within very short time, they are omitted 

for clarity; see Figure 2.4 and discussion there). As already discussed before (see Figure 2.3), 

the altered distribution of electron density in the excited state typically leads to internuclear 

distances larger than the ground state. Hence photon absorption initially leads to the 

population of a vibrationally hot 1MLCT state. Effective VR results in the fast formation of the 
1MLCT state with v = 0. Subsequently, a fast ISC into the 3MLCT state occurs (blue potential 

curve), yielding the latter with ca. 100 % quantum yield, i.e. no fluorescence is detected for 

[Ru(bpy)3]2+.[51]  

 
Figure 2.16: Visualization of the possible electronic transitions occurring in [Ru(bpy)3]2+ and assignment 
of the bands observed in the UV-vis absorption spectrum; based on refs.[63,68] The spectrum of 
[Ru(bpy)3]2+ was recorded in MeCN. The numbering of the various processes is in accordance with 
Figure 2.15. 
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Figure 2.17: Schematic overview of the photophysical processes occurring in [Ru(bpy)3]2+. The diagram 
on the left only depicts the radiative processes (straight arrows), whereas the diagram on right also 
includes nonradiative processes (wavy arrows) that lead to interconversion of the respective states 
(VR = vibrational relaxation, ISC = intersystem crossing, IC = internal conversion). 

As depicted in Figure 2.17, the equilibrated 3MLCT state represents the energetically lowest 

excited state after fast VR. Anyhow, detailed analysis at low temperatures revealed that the 
3MLCT state in fact consists of three energetically very similar 3MLCT states. As a result of their 

small energetic spacing however, these three states practically behave as only one 3MLCT state 

at room temperature.[51] Due to the different spin multiplicity compared to the ground state as 

well as the energetic positioning of the efficiently non-radiatively deactivating 3MC state 

(slightly higher), the lifetime of the thermally equilibrated excited state of [Ru(bpy)3]2+ is 

920 ns.[63] Consequently, by calculating the reciprocal value of the excited state lifetime which 

represents the deactivation rate kda = (920 ns)-1 = 1.08∙106 s-1 and comparing this to the 

diffusion rate in MeCN kd = 1.9∙1010 M-1 s-1, even a low substrate (S) concentrations such as 

10 mM would allow for an averaged amount of ca. 175 collisions between S and [Ru(bpy)3]2+* 

prior to radiative or non-radiative deactivation. Consequently, [Ru(bpy)3]2+* is qualified for a 

variety of photochemical reactions such as electron (eT) or energy transfers (EnT), provided 

suitable substrates S are available in a sufficiently high concentration. 

As schematically depicted in Figure 2.17, the MC states are typically much stronger displaced 

than the MLCT states along the Ru-N trajectory.[54] This can be explained by considering the 

general MO-scheme analysis shown in Figure 2.15 which indicates that the excited MC state is 

characterized by population of an eg* (M*) orbital which possesses antibonding character with 

respect to the Ru-N bond. Consequently, besides the effective non-radiative deactivation, the 
3MC state typically also exhibits dissociative character, i.e. population of the 3MC state might 

lead to ligand loss. Since these two features are commonly found in many octahedral transition 

metal complexes, currently a plenty of methods are under development to increase the 

complexes’ excited state lifetime by e.g. increasing the energy of the relevant MC states.[73] As 

apparent from the MO-schemes shown in Figure 2.11 - Figure 2.14, a typically utilized strategy 

is to ensure strong -donor interactions between ligands and metal since this raises the eg* 

orbitals. This is achieved by ligand design focusing on high electron density at the coordinating 
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atoms as well as on perfectly matching 90° angles between the coordination sites to perfectly 

suit the orientation of the metals d-orbitals. Since o is typically smaller for 3d than for 4d 

elements, these methods are especially exploited for generating luminescent complexes based 

on the 3d-metals such as Fe[74–76] and Cr.[53,77] 

Moving back to [Ru(bpy)3]2+, several relaxation pathways to regenerate the ground state S0 are 

under operation. Either phosphorescence takes place, or a non-radiative deactivation occurs, 

typically via thermally induced internal conversion of the 3MLCT state into the 3MC state since 

the 3MC state is energetically located slightly above the 3MLCT state.[54] Since the emission 

quantum yield for [Ru(bpy)3]2+ is only 9.5 % in deaerated MeCN,[78] the majority of all excited 

states regenerates the ground state by non-radiative deactivation. In this regard it should be 

noted, that only the 3MLCT but not the 3MC state is able to radiatively relax to the ground 

state.[79] The effective non-radiative relaxation of the 3MC state is due to the fact that the 

potential energy surfaces (PES) of 3MC and S0 states are crossing only slightly above the v = 0 

level of the 3MC state. Hence an ISC from 3MC to S0 can occur efficiently. Subsequently, the 

vibrationally hot electronic ground state relaxes via VR.  

Considering the dissociative nature of the metal centered excited states, for [Ru(bpy)3]2+ two 

different 3MC states were identified.[80] Both 3MC states are characterized by population of an 

eg* orbital, which exhibits anti-bonding character with respect to the Ru-N bond. As depicted 

in Figure 2.18, the two 3MC states differ in the eg* orbital which is populated, either the dx2-y2 

(3MCcis) or the dz2 orbital (3MCtrans). As a consequence, elongation of the corresponding Ru-N 

bonds occurs (indicated by the orange wavy bonds) and (partial) dechelation of one bpy ligand 

may take place.[81] From Figure 2.18 it is also inferred, that i) 3MCcis and 3MCtrans are converted 

into each other nearly barrierless and ii) that especially the 3MCcis state leads to fast ISC due to 

a very low lying minimum energy crossing point (MECP) with the ground state PES.[54] 

As quantitatively discussed above, the extended excited state lifetime of 920 ns[63] allows 

[Ru(bpy)3]2+ ([Ru]2+) to undergo bimolecular reactions with suitable reaction partners from the 
3MLCT state (typically eT and EnT). The possible processes are depicted in Figure 2.19.  

 

Figure 2.18: Orbital occupation scheme for the two dissociative 3MC states, 3MCcis and 3MCtrans (top left). 
Elongated Ru-N bonds due to the occupation of the dx2-y2 (blue) or dz2 orbital (green) are indicated by 
orange waves; based on refs.[54,80] Bottom left: Energetic positioning of the relevant excited states. 



50  Theoretical background 

Here, [Ru(bpy)3]2+* ([Ru]2+*) undergoes redox reactions with molecule A or D. For molecule D 

which represents an electron donor and possesses a filled HOMO of higher energy than the 

energetically lower SOMO (singly occupied molecular orbital) of [Ru]2+*, reduction of the Ru 

complex occurs which leads to the formation of one-electron reduced [Ru(bpy)3]+ ([Ru]+) and 

one-electron oxidized B+. This process is typically described as reductive quenching of the 

excited 3MLCT state of the Ru complex. Contrary, if molecule A, an electron acceptor, possesses 

a LUMO lower in energy than the energetically higher lying SOMO of [Ru]2+*, oxidation of the 

Ru complex occurs, leading to the formation of one-electron oxidized [Ru(bpy)3]3+ ([Ru]3+) and 

the one-electron reduced C-. A more quantitative analysis of these redox reactions occurring 

from the excited state of [Ru]2+* will be given in Figure 2.21 and Figure 2.22. In addition to the 

eT processes, also EnT processes might occur. However, it should be considered that the 

reactive excited state is a 3MLCT state and since the ground state bears singlet multiplicity, 

FRET is only occurring if a direct singlet-triplet excitation of S exhibits reasonably high 

extinction coefficients (see chapter 2.2). In all other cases where e.g. the energy transfer leads 

to a triplet-singlet excitation as for the O2-molecule, the Dexter EnT mechanism will be 

operative. 

Since Figure 2.19 schematically highlighted the possibility of photoexcited [Ru(bpy)3]2+ to 

undergo bimolecular reactions with suitable reaction partners, Figure 2.20 first represents a 

generic scheme for any molecule PS to undergo redox reactions from a thermally equilibrated 

excited state PS* before the specific case of [Ru(bpy)3]2+ is analyzed in Figure 2.21. In contrast 

to the general scheme depicted in Figure 2.19, the more detailed analysis given here allows to 

rationalize the thermodynamic factors governing the feasibility of electron transfers. 

 

Figure 2.19: Simplified scheme depicting electron transfer (eT) and energy transfer reactions (EnT) 
proceeding from the 3MLCT state of [Ru(bpy)3]2+ ([Ru]2+). The eTs result either in the formation of an 
onefold oxidized ([Ru]3+) or onefold reduced Ru complex ([Ru]+), along with the corresponding redox 
products of A and D, whereas the energy transfer reaction regenerates [Ru]2+ and forms an electronically 
excited molecule S*. 
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Figure 2.20: General scheme describing photophysical and (photo)redox chemical processes of a generic 
molecule PS capable of forming a suitably long-lived excited state PS* upon photon absorption. The 
color code of the arrows indicates two-step redox chemical events that reform PS after initial reductive 
(blue arrows) or oxidative quenching (orange arrows), respectively. Dashed arrows correspond to 
photophysical processes whereas solid arrows indicate redox chemical transformations. 

Starting from PS, photon absorption (process ①) initially generates a non-equilibrated higher 

excited state PS** which relaxes into PS* (process ②), typically within very short time (IC and 

VR occur with rates of ca. 1012 s-1 and 1013 s-1, see chapter 2.2). If PS* has a sufficiently long life-

time, i.e. radiative and non-radiative processes that reform the ground state PS (processes ③ 

and ④) occur slower or on a timescale comparable to the bimolecular reactions, redox 

transformations can occur.  

Since PS* can be described as PS lacking one electron in the HOMO but having one electron 

placed in the LUMO, PS* represents a better oxidant as well as a better reductant compared 

to PS. This property can be quantified by the simplified Rehm-Weller equation which allows to 

calculate the excited state oxidation potential E*ox as well as the excited state reduction 

potential E*red if Eemi and the ground state potentials Ered1 and Eox1 are known.[82,83] These 

equations are given in Figure 2.20 below the arrows connecting the excited state PS* with the 

reduced (PSred) or the oxidized (PSox) product. For molecules such as [Ru(bpy)3]2+ which exhibit 

a broad emission curve, Eemi may be either calculated from the onset of the curve which 

represents the 0,0-transition of the PS* → PS process or from the maximum of the emission 

curve.[47] Whereas the “onset”-method may overestimate Eemi, the alternative approach using 

the maximum of the emission curve likely underestimates Eemi.[83]  

Whereas, Ered1 and E*red represent reduction potentials (i.e. PS or PS* become reduced during 

the reaction), Eox1 and E*ox are referred herein as oxidation potentials (i.e. PS or PS* become 

oxidized during the reaction leading to the reduction of molecules D or E, respectively). 

However, to remain consistent with the general formulation of redox couples (i.e. notation in 

reductive direction), it should be noted that also the oxidation potentials are correctly written 

as reduction reactions, PSox + 1 e- → PS/PS* for Eox1/E*ox, respectively.[83] 

The increased redox reactivity compared to PS allows PS* to oxidize or reduce a much larger 

spectrum of molecules. Consequently, PS* can undergo a redox reaction with a molecule B, 

forming the one-electron reduced PSred and one-electron oxidized B+ (process ⑤). As already 
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described above, since PS* becomes reduced in this process it is termed reductive quenching. 

Alternatively, PS* may undergo a redox reaction with molecule E, forming the one-electron 

oxidized PSox as well as the one-electron reduced E- (process ⑥). Due to the oxidation of PS* 

during this redox event, the process is called oxidative quenching. Since PS may be regenerated 

by a subsequent light-independent redox reaction starting from reduced or oxidized ground 

state species PSred or PSox, respectively, the differently colored arrows indicate photoredox 

catalytic cycles initiated by either reductive (blue arrows) or oxidative quenching (orange 

arrows) of PS*. 

This very general scheme can now be adapted to [Ru(bpy)3]2+ which represents the gold 

standard of all ruthenium polypyridine complexes (see Figure 2.21).[68] As already deduced 

from the general MO-scheme depicted in Figure 2.15, the LUMO of [Ru(bpy)3]2+ is localized on 

a bpy ligand. Consequently, the ground state reduction of [Ru(bpy)3]2+ will generate [Ru(bpy)3]+ 

with the added electron sitting in a * orbital of one bpy ligand (process ⑦). This redox event 

occurs at a voltage of -1.69 V vs. Fc+/Fc using acetonitrile (MeCN) as solvent. On the other side, 

oxidation of [Ru(bpy)3]2+ abstracts an electron from a metal centered HOMO (process ⑧), 

generating formally RuIII starting from RuII in [Ru(bpy)3]2+. This redox event is observed at a 

potential of +0.85 V vs. Fc+/Fc. Therefore, the electrochemical HOMO/LUMO gap is 2.54 eV 

(see appendix A for the 1:1-use of energy, given in eV, and electric potential (difference) given 

in V). This corresponds to  = 488 nm by applying [nm] = 1240/E[eV] (a mathematical 

derivation of this formula is given in appendix A). This value of  = 488 nm quite nicely fits the 

onset of the 1MLCT band which is, however, superimposed by the weakly absorbing 3MLCT 

band (see Figure 2.16). Using the experimentally determined value of Fc+/Fc ≈ -5.1 eV vs. 

vacuum,[84] for [Ru(bpy)3]2+ E(HOMO) ≈ -6.0 eV and E(LUMO) ≈ -3.4 eV are obtained. 

Detailed quenching experiments performed with [Ru(bpy)3]2+ revealed a value of 

Eemi = 2.12 eV.[85] Since this would correlate to  = 585 nm, it becomes obvious that for 

[Ru(bpy)3]2+ Eemi is obtained almost exactly between the onset (ca. 550 nm)[86] and the 

maximum (ca. 620 nm)[78,86] of the emission curve. This fortifies the above stated argument 

that by using the wavelength of the onset of emission, Eemi is overestimated and by using the 

maximum of the emission curve, Eemi is likely underestimated.[83] With this value of Eemi and the 

ground state redox potentials of [Ru(bpy)3]2+ the excited state oxidation potential E*ox as well 

as the excited state reduction potential E*red can be calculated. For E*ox a value of -1.27 V and 

for E*red a potential of +0.43 V is obtained. Consequently, the range of molecules which are 

able to undergo oxidations or reductions with [Ru(bpy)3]2+* is strongly increased compared to 

redox events with [Ru(bpy)3]2+.  

However, by comparing the electrochemically accessible HOMO/LUMO-gap and Eemi it 

becomes evident that during the non-radiative relaxation of the upper 1MLCT state 

[Ru(bpy)3]2+** into the lower 3MLCT state [Ru(bpy)3]2+* 0.42 V of redox potential or 0.42 eV of 

energy per molecule is lost if  = 488 nm is chosen as excitation wavelength. Moreover, if the 

maximum of the 1MLCT band is irradiated using max ≈ 450 nm for excitation (Ephoton ≈ 2.76 eV), 

non-radiative relaxation into the thermally equilibrated lowest 3MLCT state leads to an energy 

loss of 0.64 eV per molecule or 23 % of the initial photonic energy used for excitation. This 

energy is dissipated as thermal energy into the environment via molecular vibrations. 
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Figure 2.21: General scheme describing photophysical and (photo)redox chemical processes of 
[Ru(bpy)3]2+. Here, [Ru(bpy)3]2+* represents the molecule in its thermally equilibrated lowest 3MLCT 
excited state from which photoredox chemistry occurs. [Ru(bpy)3]2+** represents the molecule in its 
initial 1MLCT state. The color code of the arrows indicates two-step redox chemical events that reform 
the ground state, [Ru(bpy)3]2+, after initial reductive (blue arrows) or oxidative quenching (orange 
arrows), respectively. All electrochemical potentials are given vs. the Fc+/Fc couple (solvent: MeCN). 

The expansion of the range of molecules which are able to undergo redox reactions with 

[Ru(bpy)3]2+* ([Ru]2+*) compared to [Ru(bpy)3]2+ ([Ru]2+) can be visualized by highlighting these 

areas on a one-dimensional electrochemical potential axis,[87] for which the general equation 

E = Ered – Eox > 0 V is fulfilled (Figure 2.22) since only in these cases an exergonic redox process 

can occur (G = - z∙F∙E; z = number of transferred electrons, F = 96∙485 C∙mol-1, the Faraday 

constant; G < 0 J if E > 0 V). In analogy to the nomenclature discussed above, Ered stands for 

the redox potential of a redox couple which becomes reduced and Eox for the redox potential 

of a redox couple which becomes oxidized during the reaction.  

First, processes in which a [Ru]-species acts as oxidant, i.e. the [Ru]-species becomes reduced 

(Ered) and the corresponding reaction partner becomes oxidized (Eox) during the redox event, 

will be discussed. These reactions are depicted with arrows bearing solid arrowheads and 

greenish to blueish boxes in the center of Figure 2.22. 

Area I is characterized by molecules which are represented by the redox couple A/A+ 

possessing a redox potential smaller than -1.69 V. These molecules are able to reduce any of 

the corresponding [Ru]-species; such molecules are typically strong reductants. However, all 

molecules having an oxidation potential more positive than -1.69 V cannot be oxidized by 

[Ru]2+ since E would be less than 0 V and the overall redox reaction would hence be 

endergonic, i.e. the reaction equilibrium would be strongly shifted to the side of the starting 

compounds. Upon absorption of a photon however, followed by thermal relaxation, [Ru]2+ is 

transformed into [Ru]2+* and the range of molecules B which can be oxidized by [Ru]2+* greatly 

expands. This is schematically represented by the horizontal dashed arrow at the one-

dimensional electrochemical potential axis equipped with the greenish and blueish boxes. 
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Figure 2.22: Expanded schematic diagram of the photoredox chemistry of [Ru(bpy)3]2+ connecting the 
ground state and excited state redox potentials with electrochemical potential windows representing 
redox couples which can undergo exergonic redox reactions with the respective [Ru(bpy)3]2+ species. 
Additionally, photoredox catalytic cycles are depicted which start with a reductive (center, right, blue 
arrows) or an oxidative quenching (bottom, left, orange arrows) of the thermally equilibrated 3MLCT 
state, [Ru(bpy)3]2+*, respectively. 

Now, even molecules with an oxidation potential Eox up to +0.43 V can be oxidized by [Ru]2+* 

(area II). Compounds which fall into this area are tertiary amines such as triethylamine (TEA) 

or triethanolamine (TEAO) which both possess oxidation potentials of Eox ≈ 0.3 V vs. Fc+/Fc as 

well as slightly stronger reductants such as BNAH (N-benzyl nicotinamide, Eox ≈ 0.2 V), 

ascorbate (Eox ≈ 0.1 V) or BIH (1,3-dimethyl-2-phenylbenzimidazoline, Eox ≈ 0.0 V).[88,89] 

Therefore, all these molecules are unreactive towards [Ru]2+ but are able to reductively quench 
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[Ru]2+*. Consequently, these molecules are very often employed as sacrificial electron donors 

in photoredox catalytic processes. Depending on the specific constitutions of the catalytic 

mixture, they either act as reductive quenchers or they regenerate [Ru]2+ from photooxidized 

[Ru]3+ if oxidative quenching represents the dominant initial photoredox chemical pathway. 

Finally, molecules F which possess an Eox between +0.43 V and +0.85 V are situated in area III 

and can only be oxidized by [Ru]3+. They hence cannot act as reductive quenchers for [Ru]2+* 

but are able to reduce photooxidized [Ru]3+. Therefore, of all available [Ru]-species, [Ru]3+ 

represents the strongest oxidant and also photo-excited [Ru]2+* does not surpass the oxidative 

power of [Ru]3+. This can be explained by the electronic situation in [Ru]2+* compared to [Ru]3+. 

Whereas in the latter species one electron is completely removed from the Ru center forming 

a “true” RuIII state, in [Ru]2+* the 3MLCT state consist of a RuIII center closely surrounded by a 

one electron reduced bpy ligand. This significantly lowers the electronic deficit of the RuIII state 

which is therefore less oxidizing than the “true” RuIII center in [Ru]3+. However, also [Ru]3+ is 

not capable of oxidizing molecules of area IV as here stronger oxidants than [Ru]3+ with high 

oxidation potentials Eox are found. 

Next, processes in which a [Ru]-species acts as reductant, i.e. the [Ru]-species becomes 

oxidized (Eox) and the corresponding reaction partner becomes reduced (Ered) during the redox 

event, will be discussed. These reactions are depicted with arrows bearing hollow arrowheads 

and brownish to orange boxes (see the bottom part Figure 2.22). First, using molecules D of 

area VIII with Ered > +0.85 V, all depicted [Ru]-species (excluding [Ru]3+) can be oxidized. In 

other words, also the least reactive [Ru]2+ is able to reduce these molecules. As stated above, 

in this area strong oxidants are found. However, all molecules with Ered < +0.85 V cannot be 

reduced by [Ru]2+. Moreover, excitation of [Ru]2+ leads to the formation of [Ru]2+* indicated 

by the horizontal dashed arrow on the one-dimensional electrochemical potential axis. As 

calculated from the simplified Rehm-Weller equation, an excited state oxidation potential Eox* 

of -1.27 V is obtained for [Ru]2+*. This implies that the range of suitable redox partners is 

significantly expanded upon photon absorption by [Ru]2+ since every chemical species E which 

possesses a reduction potential Ered more positive than -1.27 V can now be reduced by [Ru]2+* 

(area VII). This species may either be a sacrificial electron acceptor used for oxidative 

quenching within the photocatalytic oxidative half reaction or suitable catalytic centers used 

for reductive photoredox catalysis. For example, [(bpy)Rh(Cp*)Cl]Cl based catalysts which will 

play a dominant role in further discussions. These catalysts possess Ered ≈ -1.1 V,[90] meaning 

that they can be directly reduced from [Ru]2+*. 

Molecules C which are residing within area VI and are possessing a reduction potential 

between -1.27 V and -1.69 V cannot be reduced by [Ru]2+*. However, [Ru]+ is able to act as 

reductant in this area. Therefore, if a certain molecule C has to be reduced within a photoredox 

catalytic cycle (molecule C e.g. might represent an active catalyst), this can only be achieved 

after reductive quenching of [Ru]2+* has occurred forming [Ru]+ (see photoredox catalytic cycle 

initiated by reductive quenching in Figure 2.22). In analogy to the discussion of the various 

[Ru]-species acting as oxidants, the “true” reduced species [Ru]+ represents the strongest 

reductant of all available [Ru]-species. This is again illustrated by considering the electronic 

situation of [Ru]2+* and [Ru]+. In [Ru]+ a reduced bpy ligand is connected to a RuII center 
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whereas in [Ru]2+* formally to a more electropositive RuIII center. The latter situation clearly 

decreases the reduction potential of the electron sitting on the bpy ligand. Finally, all molecules 

that can be classified to area V cannot be reduced by any [Ru]-species present in solution. For 

example, in a photoredox catalytic solution, the solvent typically should be categorized to 

area V unless reduction of the solvent is intended. Moreover, it should be noted that the 

potential of -1.69 V only represents the upper limit for reductions mediated by [Ru(bpy)3]2+. 

However, as depicted in Figure 2.23, substituents on the bpy ligands can be used to steer 

HOMO as well as LUMO energies into desired directions. Electron withdrawing groups (EWGs) 

typically decrease HOMO and LUMO energies, whereas electron donating groups (EDGs) lead 

to an increase of both. This can be rationalized by considering the general MO-scheme in 

Figure 2.14. Since -I and -M effects (EWGs) lead to decreasing  and * energies of the bpy 

ligands, the metal based HOMO as well as the ligand based LUMOs are decreased. The opposite 

is true for substituents bearing +I and +M effects (EDGs).  

Consequently, Ru polypyridine complexes offer the opportunity for rational ligand based 

tuning of redox potentials. If e.g. a certain catalyst species has to be reduced at potentials more 

negative than -1.69 V so that even the [Ru(bpy)3]+ species ,formed after a reductive quenching 

process, is not sufficiently reducing enough, a change of the chromophore to an EDG-

substituted analog may result in the desired reactivity. Contrary, if certain molecules cannot 

be oxidized by [Ru(bpy)3]3+ (E1/2 > +0.85 V), introduction of EWGs into the ligand scaffold will 

increase the oxidative strength of the Ru species. 

Finally, a combination of EDGs and EWGs in the ligand backbone will lead to a decrease of the 

HOMO-LUMO gap of the corresponding Ru complex (see Figure 2.24). To which extent the 

HOMO and LUMO energies will be varied as well as if the HOMO level is stronger increased 

than the LUMO level or if the HOMO level is less decreased than the LUMO level will depend 

on the individual strengths of EWG and EDG influences. Although this concept is rarely used 

for [Ru(bpy)3]2+ based systems, it is well established for [Ru(tpy)2]2+ complexes (tpy = 2,2';6',2"-

terpyridine).[91,92] 

 

Figure 2.23: Qualitative substituent influence of electron withdrawing groups (EWGs) and electron 
donating groups (EDGs) on the energetic positioning of HOMO and LUMO levels assuming equal effects 
on both. 
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Figure 2.24: Qualitative representation of the substituent effect on HOMO and LUMO levels of an 
asymmetrically EDG/EWG substituted Ru polypyridine complex (push/pull concept). 

Finally, some notes regarding the energy conversion efficiency of photoredox catalytic systems 

utilizing Ru polypyridine complexes may be added. As already discussed above, excitation of 

[Ru(bpy)3]2+ with  = 450 nm (2.76 eV, maximum of the 1MLCT band), followed by non-radiative 

relaxation into the lowest 3MLCT state bearing an energy content of 2.12 eV leads to an initial 

photon to energy conversion of 77 % (see Figure 2.25). Therefore, 0.66 eV (23 %) of the photon 

energy gets lost as heat. Considering Figure 2.25, a typical photoinduced electron transfer 

between triethylamine (TEA) and a [(bpy)Rh(Cp*)Cl]+ catalyst is analyzed with respect to its 

energetics. Starting from the lowest 3MLCT state, [Ru(bpy)3]2+* undergoes electron transfers 

with TEA, acting as an electron donor, and the Rh-catalyst. Depending on the relative reaction 

rates, the process will either proceed via reductive quenching (the electron transfer between 

TEA and [Ru(bpy)3]2+* occurs first) or via oxidative quenching. However, as will be discussed 

later, the energetic situation depicted in Figure 2.25 only applies to an oxidative quenching 

mechanism meaning that [Ru(bpy)3]2+* is first oxidized by the Rh catalyst and then [Ru(bpy)3]2+ 

is regenerated by TEA. Since the TEA radical cation and the one-electron reduced RhII state 

bear an electrochemical driving force for recombination of 1.40 V, ca. 51 % of the 450 nm 

photon energy is conserved in this initial charge separated state. 

As shown in the right scheme of Figure 2.25, the driving force for recombination of TEA•+ and 

the RhII species is very large (1.40 eV per molecule). Hence, productive photocatalysis is only 

possible if at least one of the products undergoes irreversible chemical changes making the 

new compound composition unreactive towards unproductive charge recombination. In 

addition to an appropriate redox potential, this fast and irreversible degradation indeed is a 

second important prerequisite which has to be fulfilled by suitable sacrificial electron donors 

such as TEA.[88] For TEA, the degradation mechanism has been clarified by product analysis, 

radical trapping reactions, as well as ESR spectroscopy.[93,94] It is depicted in Figure 2.26 and 

shows not only the productive forward reaction yielding diethylamine and acetaldehyde but 

also highlights several unproductive charge recombination reactions as well as the possibility 

of the TEA radical to donate a second electron to a [RuL3]2+ complex by a light-independent 

process. Hence, even for TEA a theoretical quantum yield of 2 exists; due to many efficiently 

occurring back- and side-reactions however, a maximum of 0.35 was obtained.[94] 



58  Theoretical background 

 

Figure 2.25: Graphical representation of the photon-to-redox energy conversion efficiency. The left part 
of the scheme represents the molecular structures, electron transfer pathways and associated relevant 
energy levels of the starting compounds. The right diagram highlights the redox energy difference of the 
generated products. All energies are given vs. vacuum energy using E(Fc+/Fc) = -5.1 eV vs. vacuum.[84] 

A final outcome of the photoredox catalysis scenario assumed in Figure 2.25 might be the 

reduction of NAD+ to NADH at the reductively activated Rh catalyst (see chapter 5.2 for more 

details). Since the NAD+/NADH couple possesses a redox potential of -0.53 V vs. NHE,[18,89] the 

electrochemical energy that has been stored by the overall photocatalytic process would be 

0.83 eV per TEA/NAD+ pair. In view of the initially utilized 2.76 eV per photon, a ratio of 

0.83 eV/2.76 eV = 30 % is obtained for the visible light to (electro)chemical energy conversion.  

As already mentioned above, the energetic scenario depicted in Figure 2.25 only applies to an 

oxidative quenching mechanism. The reason for that is by combining HOMO and LUMO levels 

together with redox potentials of the excited states in one scheme, it has to be considered that 

during oxidation and reduction of [Ru(bpy)3]2+ an electron is completely removed or added. 

Contrary, in any MLCT state the electron hole at the metal center and the electron sitting in 

the ligand based orbitals do mutually lower the corresponding oxidative or reductive power.  

 

Figure 2.26: Proposed degradation pathways of TEA leading to the formation of diethylamine and 
acetaldehyde; based on refs.[93,94] L represents a diimine ligand such as bpy. 
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Figure 2.27: Correlation of the different redox potentials which need to be considered for reductive and 
oxidative quenching pathways of the lowest 3MLCT state of [Ru(bpy)3]2+. The redox potentials (vs. Fc+/Fc) 
follow the nomenclature used in Figure 2.20 - Figure 2.22. For clarity, the associated molecular processes 
are given next to the electrochemical potentials. The energy axis vs. vacuum is based on the Fc+/Fc 
couple at -5.1 eV vs. vacuum.[84] 

As a result of this interdependent influence of electron hole and electron, the initial excited 

state only bears a redox gap of 1.70 V which represents the splitting of E*ox and E*red shown in 

Figure 2.27. Since electron hole (h+) and electron (e-) are coupled by the same coulombic 

interactions, in both cases, oxidative and reductive power of the excited state is equally 

reduced by 0.42 V with respect to the “fully” oxidized [Ru]3+ or the “fully” reduced [Ru]+ 

species.[87] Consequently, this redox gap of 1.70 V has to be sufficient to either oxidize 

(reductive quenching mechanism is followed) or reduce a compound (oxidative quenching 

mechanism is obeyed) in a first step. Curiously, if an electron donor/electron acceptor couple 

would be split by significantly more than 1.70 V but also considerably less than 2.12 V, 

assuming suitable redox potentials matching that of [Ru(bpy)3]2+, the thermodynamic driving 

force of [Ru(bpy)3]2+ would be large enough to perform the visible light-driven redox reaction. 

However, as a result of the thermodynamics of the thermally equilibrated excited state, the 

kinetics for the first electron transfer, following either a reductive or an oxidative quenching 

pathway, would be possibly too slow to compete with radiative or non-radiative deactivation. 

Since this is merely a hypothetical scenario, Figure 2.28 analyzes the individual changes in the 

redox potentials, if a first electron transfer from the excited state occurred successfully. In 

accordance with Figure 2.25, TEA serves as electron donor and [(bpy)Rh(Cp*)Cl]+ as electron 

acceptor. 

By first extracting the excited state redox potentials and combining it with the HOMO of TEA 

(TEA•+/TEA couple) and the LUMO of the [(bpy)Rh(Cp*)Cl]+ complex (RhIII/RhII couple), the 

central box of Figure 2.28 is obtained. Since the electrochemical driving force for reductive 

quenching (Ered.q.) and oxidative quenching (Eox.q.) are relatively similar (0.13 V and 0.17 V), 

both processes will compete for the first electron transfer. Analyzing first the oxidative 

quenching process, the electron transfer from [Ru]2+* to RhIII will generate [Ru]3+ and RhII (box 

on the top of Figure 2.28). As the oxidative power of the h+ in [Ru]3+ is no longer deteriorated 

by the e- sitting in a bpy ligand, the driving force for TEA oxidation increases by exactly 0.42 V 

with respect to [Ru]2+* so that the well-known 2.12 eV of energy stored in the excited state are  
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Figure 2.28: Stepwise analysis of the redox potential changes of [Ru(bpy)3]2+ following photon 
absorption and then either oxidative quenching (teal, top box) or reductive quenching (blue, bottom 
box). The redox potentials are referenced vs. Fc+/Fc (-5.1 V vs. vacuum energy).[84] 

“released” and can be used for redox chemistry. Consequently, even less reducing electron 
donors than TEA could be used for regeneration of the [Ru]2+ if the reductive quenching 

pathway would be followed (and irreversible degradation could occur, see Figure 2.26). The 

qualitatively same picture is obtained if reductive quenching occurs first, i.e. TEA transfers an 

e- to [Ru]2+* (bottom box of Figure 2.28). Now the reductive power of the electron populating 

a * orbital of a bpy ligand is no longer deteriorated by the coulombic interaction with the h+ 

at the metal center. Consequently, the reduction potential is increased by 0.42 V yielding 

E = 0.59 V for the reduction of the Rh catalyst. 

Nevertheless, depending on the substrates which have to be redox chemically addressed, other 

photocatalytic processes might need chromophores different to [Ru(bpy)3]2+. If e.g. a rather 

electron poor substrate or an oxidation catalyst has to be oxidized, photocatalyst with a higher 

oxidative power than [Ru(bpy)3]2+ may be utilized. As already outlined above and schematically 

depicted in Figure 2.23, EWGs typically lower the energy of HOMO and LUMO and EDGs result 

in the opposite. Consequently, EWG substituted chromophores represent stronger oxidants 

than the pristine, unmodified species, and EDG substituted ones are typically stronger 

reductants. This correlation is indeed found for the Ru polypyridine complexes depicted in 

Figure 2.29. Incorporation of EWGs by introduction of -M substituents (ethyl-ester, ⑦) or N-

atoms into the pyridine rings yielding pyrazines (③) strongly increases the ground and excited 

state oxidative capacity and decreases the reductive one compared to [Ru(bpy)3]2+ (①). 



Theoretical background   61 

 

Figure 2.29: Comparison of (excited state) redox potentials of selected chromophores commonly used 
for photoredox catalysis. All potentials are given vs. the Fc+/Fc couple[89] and were taken from 
literature.[83,95–98] 

In contrast, the tert-butyl groups (+I-substituents) result an improved reductive power of the 

homoleptic [Ru(tbbpy)3]2+ compared to [Ru(bpy)3]2+. Since for [Os(bpy)3]2+ (②) the lowest 

excited state is also represented by a 3MLCT state,[99] its reducing properties are very similar 

with respect to [Ru(bpy)3]2+. However, the complex is a much weaker oxidant; consequently, 

stronger sacrificial reductants are needed to efficiently regenerate the OsII state in photoredox 

catalytic processes driven by [Os(bpy)3]2+.[100] 

Especially in organic photoredox catalysis, Ir photocatalysts are very often used. Due to its very 

high reduction potentials, fac-[Ir(ppy)3], (④) is able to reduce a broad range of organic 

molecules. Heteroleptic Ir complexes where one of the ppy ligands is substituted by a bpy or 

phen ligand feature 3MLCT states exclusively localized on the less electron rich N,N-chelate 

ligand.[101] Again, the reduction potentials are similar to the corresponding Ru analogs. 

However, the oxidation potential which is dictated by the IrIII ion can be effectively modulated 

by the choice of the ppy ligands. As shown in Figure 2.29, substitution of the ppy scaffold by 
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EWGs (see compound ⑧) can drastically increase the oxidative power compared to the simple 

[Ir(ppy)2(bpy)]+ complex (⑤).[101] 

Also a variety of organic chromophores has been utilized in photoredox catalytic processes.[83] 

Exemplarily, eosin Y, a xanthene dye to which classification also other famous chromophores 

such as fluorescein, Rose Bengal and Rhodamine 6G belong to, is also shown in Figure 2.29. 

Other organic photoredox catalyst that have been utilized are thiazines such as methylene blue 

or different perylene diimides.[83] 

In conclusion, various chromophores have already been utilized as photoredox catalysts. 

Depending on the specific process and the combination of substrates, the most suitable 

chromophores may have to be selected based on redox potentials, absorption properties, 

photostabilities and excited state lifetimes to perform the desired photoredox catalysis as 

efficient as possible.[102]  

Based on the intriguing combination of suitable optical properties, excited state redox 

potentials, high energy content of the excited state, and combined with well-established 

synthesis protocols,[103,104] within this thesis different Ru polypyridine complexes were utilized 

to catalyze the various visible light driven processes that are analyzed in detail in chapter 5. 
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3 State of the art – [(N,N)Rh(Cp*)X] complexes 

As will described in chapter 4 in more detail, the photocatalytic reactions that were 

investigated within this thesis were either based on the photochemistry of mononuclear Ru 

polypyridine complexes alone (photocatalytic NAD+ generation) or on combinations of Ru 

polypyridine based photochemistry and bpy/phen bound RhCp* complexes exploiting their 

versatile redox chemistry. Since many basic properties of the Ru polypyridine photochemistry 

were already discussed in detail within chapter 2.3 and specific photochemistry of oligonuclear 

Ru polypyridine based transition metal complexes will be analyzed in the respective paragraphs 

of chapter 5, chapter 3 will be devoted to the redox chemistry and redox catalysis of the above 

mentioned 18 VE (valence electrons) containing [(bpy/phen)Rh(Cp*)Cl]Cl-like complexes. 

Within this chapter a review article authored by Alexander Mengele and Sven Rau will be 

presented (paper [AM1]). However, since this article was written in the beginning of 2017 

including literature covering redox catalysis of diimine bound RhCp* complexes until early 

2017, and since then many very detailed studies have been undertaken to improve the 

understanding of these RhCp* catalysts, an update including all relevant publications until the 

mid of April 2020 will be presented first.  

In order to start the discussion of the redox chemistry of these RhCp* complexes, generally 

being bound to N,N (diimine) ligands such as bpy and phen but recently also to P,N-hybrid[105] 

and P,P-ligands,[106] the unique reaction sequences following the first reduction event will be 

described first. As can be seen in Figure 3.1, there are typically two different scenarios by which 

the two-electron reduced, catalytically active complex is formed. The commonly found 

situation which is depicted above the potential arrow is the following: The first metal-centered 

reduction of the RhCp* complex, initially forming an instable 19 VE species, ejects the 

monodentate ligand L forming an instable 17 VE species. As the latter can be reduced at even 

lower negative potentials than the starting 18 VE species, a direct two-electron reduction at 

the potential needed to transfer the first electron onto the 18 VE RhIII species is observed. 

Contrary, the uncommon scenario which is only found for a small number of complexes is 

described by more classical two sequential one-electron reductions that can be resolved by CV.  

 

Figure 3.1: Comparison of redox potential controlled direct two electron reduction (blue, top reaction 
sequence, ECE-process) or two sequential one-electron reductions (red, bottom reaction sequence, 
EC+E´-process) yielding the RhICp*-state (A,B = generic chelating ligand). 
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This uncommon pathway is found in two cases: The first possibility is that the 17 VE RhII 

intermediate is very efficiently stabilized by strong electron donating groups (EDGs) on the 

chelating ligand which makes the RhII → RhI reduction more difficult than the initial RhIII → RhII 

process. It should be noted that, as correctly depicted in Figure 3.1, the two-fold reduced RhI 

center is typically significantly stabilized by -backbonding into the low-lying LUMO of the 

diimine ligand. In the case of strong EDGs being attached to the chelating ligand backbone, this 

efficient stabilization of the low-valent metal species is attenuated. Consequently this scenario 

is found in p-diamino substituted bpy ligands bound to the RhCp* framework.[107] The second 

possibility for such an stepwise one-electron reduction process is found for a P,N-hybrid ligand 

being coordinated to the RhCp* center.[105] Interestingly, if L = Cl the common direct two-

electron reduction was observed but if L = MeCN, the sequential one-electron process was 

detected. This can be rationalized by the stronger -donor effect of the Cl-ligand which shifts 

the reduction potential of the metal based RhIII → RhII reduction more cathodically than the 

RhII → RhI process. In case of the weaker -donor MeCN this is reversed and the P,N-hybrid 

ligand opens the possibility for two sequential one-electron reduction processes (EC+E´).  

It should finally be noted, that for the analogous [(bpy)Co(Cp*)Cl]Cl complexes, the 

common/uncommon terminology is reversed with respect to the above discussed Rh 

complexes. For [(bpy)Co(Cp*)Cl]Cl an EC+E´ process, i.e. the less common pathway discussed 

for these RhCp* complexes, is observed.[108] 

In line with these discussions, Figure 3.2 explains the possibility of two overlapping reduction 

processes of these RhCp* complexes being sensitive to the nature of the ligand L within the 

second reduction cycle of a CV experiment. Since the two-electron reduced RhCp* complex 

lost its Cl ligand upon two electron reduction, reoxidation opens the possibility for solvent or 

chloride coordination to the RhIII center. In case of a situation explained above where the first 

reduction is very sensitive to the donor strength of the ligand L, the presence of two differently 

behaving species (L = Cl or L = MeCN), leads to two different electrochemical responses. 

However, so far this has only been observed in the special case of a P,N-hybrid ligand 

coordinated to the RhCp* framework.[105] 

 

Figure 3.2: Redox chemistry of RhCp* based complexes in coordinating solvents such as MeCN. In the 
first reduction process only the Cl bound complex is present but after reoxidation both the chloro- as 
well as the solvento-complex may be formed. Depending on the susceptibility of the [(A,B)Rh(Cp*)]-
framework towards the different donor ability of solvent and chloride ligand (the negatively charged 
chloro-ligand is typically a stronger donor), different redox events may be observed during the second 
reduction cycle (A,B = generic chelating ligand). 
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Since the two-electron reduced RhCp* complexes itself do not represent the active catalysts in 

processes such as H+, CO2 and NAD+ reduction, the ECE redox process (the ligand L is lost after 

the first reduction event in almost all cases, therefore E → C → E),[105,109] is followed by 

oxidative addition of a proton giving rise to a (set of) species capable of transferring a hydride. 

This chemistry following the redox chemical two-electron reduction is compiled in Figure 3.3. 

Starting on the left with the air-stable 18 VE RhIII species, Figure 3.3 highlights the special 

scenario of the above described p-diamino substituted [(bpy)Rh(Cp*)Cl]Cl complex 

(R = NH2 = strong EDG) as well as a second very uncommon behavior with R = strong EWG with 

respect to the first electron reduction. It has been shown for R = NO2 that as a result of the 

extreme lowering of the ligand based LUMO, the first reduction is ligand based;[110] similar 

results have been obtained for 1,10-phenanthroline-5,6-dione[111] and azo(bispyridine)[112] 

coordinated to RhCp*. Nevertheless, in all cases the two electron reduction leads to the 18 VE 

containing RhI complex bearing perpendicular phen/bpy and Cp* planes.[113–115] Additionally, in 

comparison to the starting material, this RhI intermediate exhibits an elongation of the Rh-Cp* 

bond length, a shortage of the Rh-N bond lengths as well as a decrease of the central C-C 

distance connecting the two bpy moieties. This clearly indicates -backbonding into the LUMO 

of the chelating ligand due to an increase of the bond order between the central C atoms (the 

LUMO possesses bonding characteristics between these two C atoms).[114,115] Moreover, the 

HOMO in this RhI intermediate is localized mainly on the low valent metal center as well as on 

the electron rich Cp* ligand, making the metal the most basic side for subsequent oxidative 

proton addition.[116]  

 

Figure 3.3: Redox chemistry and course of hydrogen evolution of bpy/phen supported RhCp* complexes 
(EWG = electron withdrawing group). Depending on the nature of R as well as the acid strength, different 
pathways may lead to the release of H2. 
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Consequently, for sterically non-crowded bpy ligands, the classical metal-hydride species has 

been NMR-spectroscopically detected at low temperatures.[117] However, upon warming[117] all 

N,N-chelating ligands, except for those that contain bpy-based 6,6´-substituents close to the 

Rh center,[90,118] give rise to a tautomerized species that is generated by reductive elimination 

of the proton by the 5-coordinating Cp* ring.[115–117] This can be rationalized by the following: 

First, the Rh-H bond is comparably long and therefore susceptible to subsequent reactions.[115] 

Furthermore, the HOMO and consequently the most reactive electron density within the 

[(bpy)RhIII(Cp*)H]+ intermediate, is localized on the Cp* ligand which then serves as suitably 

basic side for proton uptake.[116] In all cases this tautomerization is exergonic although EDGs at 

the bpy/phen backbone shift the equilibrium even stronger to the [Cp*H] side.[119] 

The tautomerization significantly changes the structure of the complex since the [Cp*H] 

fragment now serves as 4 diolefinic -acceptor ligand instead of the N,N-chelate. The metal-

based electron density engaged in this -backbonding is primarily located at the dz2 orbital of 

the Rh ion which displays the new HOMO after tautomerization.[116] This new direction of -

backbonding can be deduced from crystal structure analyses which show, in comparison to the 

18 VE containing two-fold reduced RhI(Cp*) intermediate, an elongation of the central C-C 

bond of the bpy ligand[115,116] as well as elongated C=C double bonds within the [Cp*H] 

framework compared to free cyclopentadienes.[115] As shown in Figure 3.3, the tautomerized 

proton is placed in endo-position with respect to the metal center. Since no endo/exo exchange 

has been observed over the course of hours,[115] the H atom remains constantly in close 

proximity to the metal ensuring the possibility of metal-ligand cooperativity in hydride transfer 

reactions. At this point it should be noted, that if CH3 is bound to the RhIII center instead of the 

proton, no reductive elimination is observed. Contrary to the case of the protonated Rh center, 

the methylated species is able to undergo a reversible ligand based reduction.[120] These 

properties are schematically highlighted in Figure 3.4. 

 

Figure 3.4: Comparison of the redox chemistry of bpy-supported RhCp* complexes in dependence on 
the nature of ligand L. Methylation at the RhIII center neither allows further metal based reduction nor 
is a methyl transfer onto the Cp* ligand observed; based on ref.[120] 
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However, although detailed quantum chemical calculations have been performed, there is still 

some debate within the scientific community whether the thermodynamically more stable 

[(bpy)RhI(Cp*H)X] complex or the [(bpy)Rh(Cp*)H] intermediate represents the actual hydride 

transferring species. The central question is whether the more stable [(bpy)RhI(Cp*H)X] 

complex is able to overcome the activation barrier for reforming the classical metal-hydride 

complex [(bpy)Rh(Cp*)H] at room temperature.[107,119] However, at least in the case of 

hydrogen evolution, the delivery of a second proton in concert with the Cp* bound H atom 

moving back towards the metal center, forming a short lived [(bpy)Rh(Cp*)(H2)] intermediate, 

may represent a logic picture of the final step of the complex proton-hydride reaction.[119] In 

the case of CO2-reduction, direct transfer of the metal bound hydride to the electrophilic C-

atom has been suggested.[107] For the NAD+ reduction, so far no detailed calculated molecular 

picture of the final hydride transfer step is available; some qualitative suggestions are however 

given in the review article attached to this chapter. 

Considering Figure 3.3 again, detailed knowledge about which reduced species evolves 

hydrogen under which circumstances has been gained within the last years. In the presence of 

very strong acids it has been suggested that the kinetics favor hydrogen evolution directly from 

the classical [(bpy)Rh(Cp*)H] intermediate, since the tautomerization bears a distinctively 

higher activation energy than the simple proton-hydride reaction.[119] As mentioned above, if 

the kinetics of this proton-hydride reaction are not fast enough, i.e. in the case of less strong 

acids, the tautomerized complex will be formed which then evolves hydrogen via the discussed 

concerted mechanism.[119] Finally in presence of weak acids, even the tautomerized species will 

not evolve hydrogen and therefore needs to be reduced with another electron to effectively 

release H2. Consequently, weak acids such as TEAH+ (protonated TEA) are used for synthetic 

purposes to selectively generate the [(bpy)RhI(Cp*H)X] intermediates.[115,116] This is also 

summarized by the following: Proton release starting with the two-fold reduced 

[(bpy)RhI(Cp*)] complex using strong acids such as protonated DMF (DMFH+) is exergonic, but 

becomes endergonic with weak acids such as TEAH+.[116] This is mainly due to the endergonic 

protonation of the [(bpy)RhI(Cp*)] intermediate under relatively basic conditions, i.e. there is 

an acid base equilibrium between the solvent and the [(bpy)Rh(Cp*)H] and [(bpy)RhI(Cp*H)X] 

intermediates as shown in Figure 3.3. 

 

Figure 3.5: Redox chemistry and course of hydrogen evolution of a bis(trifluoromethyl)bipyridine 
supported RhCp* complex. Efficient H2 formation only occurs upon the third reduction of the complex 
which is presumably ligand centered; based on ref.[121] 



68  State of the art – [(N,N)Rh(Cp*)X] complexes 

 

Figure 3.6: Redox chemistry of a dinitrobipyridine (dnbpy) supported RhCp* complex which proved to 
be instable in presence of weak acids instead of forming hydrogen gas; based on ref.[110] Note, that the 
third reduction is only hypothesized to be located on the dnbpy ligand. 

Since EWGs reduce the electron density at the RhI center due to efficient -backbonding, 

stronger acidic conditions are necessary to protonate those. Consequently, EWG substitution 

leads to less electrocatalytic activity of these N,N-chelate bound RhCp* complexes.[90,122] If the 

stabilization of the RhI center is too large, i.e. if the EWGs are too strong, either only the 

threefold reduced species (R = CF3, see Figure 3.5) is capable of evolving hydrogen even in the 

presence of strong acids or in more extreme cases, no hydrogen evolution is observed at all 

(R = NO2, see Figure 3.6). 

As mentioned above, several other ligand platforms than substituted phen and bpy have been 

investigated within the last years. As depicted in Figure 3.7, several design principles for 

suitable ligands supporting RhCp*-driven catalysis have been elucidated based on the 

dipyridylmethane ligand scaffold. Since the conjugation between the two pyridine rings is 

broken by the aliphatic spacer, these complexes exhibit two sequential one electron reductions 

(RhIII → RhII followed by RhII → RhI), in contrast to the typical direct two-electron reduction for 

the bpy supported complexes (see Figure 3.1).  

First, the ligand itself should not exhibit acidic groups essential to ligand/complex stability such 

as the CH2 unit bridging the two pyridyl units. In this case deprotonation of the CH2 moiety by 

a twofold reduced and therefore basic RhCp* center induces a sequence of irreversible 

degradation processes.[123] Second, the N,N-chelate may exhibit high rigidity next to the Rh 

center. In the case of the bismethyl substituted dipyridylmethane ligand, the generated RhI 

center leads to a dearomatization of one of the pyridine units. Whether this has positive or 

negative consequences on reduction catalysis has not been analyzed so far.[124]  

In contrast to the N,N-chelate ligands which all show the exergonic tautomerization of the 

initially formed [(bpy)RhIII(Cp*)H] complex to the [(bpy)RhI(Cp*H)X] species, RhCp* complexes 

supported by P,N- (see Figure 3.8)[105] or P,P-chelates (see Figure 3.9)[106] do not exhibit this 

tautomerization. Consequently, these species can be isolated as classical metal-hydrides. As 

already discussed above, the P,N-hybrid ligand shows susceptibility of the redox chemistry on 

the -donor strength of the monodentate ligand L. 
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Figure 3.7: Redox chemistry of dipyridylmethane based RhCp* complexes; based on refs.[123,124] The 
possible formation of [Rh(Cp*)Cl]2 as side product in presence of Cl- was deduced from literature; based 
on ref.[125] The potentials are given vs. the Fc+/Fc couple. 

A typical two-electron reduction from RhIII → RhI is observed for L = Cl, very similar behavior is 

observed for the P,P-ligand. In contrast to most of the N,N-chelate coordinated RhCp* 

complexes, no efficient hydrogen evolution was observed for these P,N- or P,P-chelates in case 

of the twofold reduced and onefold protonated species. However, if these [Rh-H] bearing 

intermediates are reduced by an additional electron, either inefficient hydrogen evolution in 

the case of the P,N-chelate (see Figure 3.8) accompanied by several unproductive side 

reactions or rather effective H2 formation for the P,P-chelate based RhCp* complex was 

observed (see Figure 3.9). 

 

Figure 3.8: Redox chemistry and course of hydrogen evolution of a P,N-hybrid ligand supported RhCp* 
complex in MeCN. The potentials are given vs. Fc+/Fc (Ep,c = cathodic peak potential); based on ref.[105] 
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Figure 3.9: Redox chemistry and course of electrocatalytic hydrogen evolution of a dppb-supported 
RhCp* complex in MeCN (dppb = bis(diphenylphosphino)benzene). All potentials are referenced vs. 
Fc+/Fc; based on ref.[106] 

The authors therefore concluded that in general efficient hydrogen evolution is only possible 

if the [Cp*H] fragment can be formed via tautomerization upon initial protonation at the basic 

Rh center. However, if this statement can be generalized for other reduction reactions such as 

CO2 or NAD+ reduction has so far not been investigated. 

 

In the following, the paper [AM1] will be included which presents an overview of the diverse 

reduction catalysis properties of N,N-chelate RhCp* complexes. The paper [AM1] was written 

by Alexander Mengele and Sven Rau as a review paper for the journal Inorganics entitled as 

“Product Selectivity in Homogeneous Artificial Photosynthesis Using [(bpy)Rh(Cp*)X]n+-Based 

Catalysts” (A. K. Mengele, S. Rau, Inorganics 2017, 5, 35).[126] For reprint permissions, see 

chapter 9.The individual author contributions are listed in the respective section of 

chapter 9.1. 
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4 Scope of the thesis 

The general aim of this thesis was to synthesize, characterize (study [AM2]) and identify 

suitable molecular catalysts that allow the coupling of photocatalysis and biocatalysis via 

photo-induced cofactor regeneration. As also shown in Figure 4.1, the considered cofactors for 

continuous visible light-driven (re)generation were NAD(P)H (projects [AM3] and [AM7]), 

NAD(P)+ (project [AM6]) and ATP (project [AM7]). Apart from this global goal to successfully 

interfere inorganic transition metal photochemistry in complex biological media with enzyme 

catalysis, two projects dealt with the (photo)chemistry and photophysics of a key intermediate 

within the catalytic cycle (studies [AM4] and [AM5]). In more detail, the objective of the 

individual studies were as follows: 

Based on previous studies within the Rau group,[104,127–131] study [AM2] aimed to examine the 

heterodinuclear photocatalyst [(tbbpy)2Ru(tpphz)Rh(Cp*)]Cl(PF6)2 spectroscopically and 

electrochemically within its ground state and analyze its photocatalytic behavior for solar 

hydrogen production. In view of the multifunctionality of the [(phen)Rh(Cp*)Cl]Cl-like catalyst 

moiety within this heterodinuclear architecture,[126] next the photochemical nicotinamide 

reduction was intended to be investigated (study [AM3]), paralleled by coupling photo- and 

biocatalysis. Resulting from the advantageous electrochemical properties of the easily 

reducible [(phen)Rh(Cp*)Cl]Cl-like catalytic center, detailed photophysical studies addressing 

the photophysics of the RuII(tpphz)RhIII-state as well as the RuII(tpphz)RhI-state, a two-electron 

reduced intermediate of every catalytic cycle that proceeds via the RhI state, had to be 

undertaken (study [AM4]). From an analysis of the chemical stability of this straightforwardly  

 

Figure 4.1: Overview of the pursued projects [AM2]-[AM8] using heterodinuclear RuRh photocatalysts 

(projects [AM2]-[AM5] and [AM7]) or mononuclear Ru polypyridine complexes (projects [AM6] and 
[AM8]). The black waves between the Ru and the Rh center indicates a molecular connection via the 
tpphz bridging ligand. Dashed arrows indicate the specific reactions/properties that were analyzed 
within each study. The identified spectator ligand in study [AM8] is highlighted in red (E = enzyme, 
A = acronym for a generic substrate, B = acronym for a generic substrate; eT = electron transfer, 
EnT = energy transfer, Pi = (inorganic) phosphate). 
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accessible RuII(tpphz)RhI intermediate, further organometallic reactivity was exploited 

(study [AM5]). Moreover, the reversibility of the NAD(P)+ → NAD(P)H photoreduction had to 

be investigated. Based on previous biophysical studies,[132–136] 1O2 was selected as suitable 

oxidant initiating a selective oxidation cascade process to selectively generate NAD(P)+ out of 

NADPH (study [AM6]). Resulting from the successful coupling of photochemical NAD(P)H 

formation and enzyme catalysis in a first step (study [AM3]), more complicated 

photobiocatalytic reaction sequences should be developed using the now well-established 

heterodinuclear RuRh-catalysts (project [AM7]). Finally, the originally used 

[(tbbpy)2Ru(tpphz)Rh(Cp*)]Cl(PF6)2 catalyst was aimed to be optimized by systematic ligand 

modifications. In this regard a first step had to be undertaken by analyzing a set of different 

N,N-alkylated bi(benz)imidazole ligands (L) and their corresponding [(tbbpy)2Ru(L)](PF6)2 

complexes in the search of a so-called spectator ligand which allows the formation of a long-

lived 3MLCT-state without taking part in the actual excitation process (study [AM8]). 
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5 Results and Discussion 

Within this chapter, the main findings as well as the main conclusions of every prepared or 

already fully published manuscript will be discussed. In order to highlight the novelty of every 

study, a short introduction of the current literature status is given for each project at the 

beginning of each subchapter. For reprint permissions/licenses see the respective sections of 

chapter 9 as well as appendix B. 

 

5.1 Synthesis and characterization of a new heterodinuclear hydrogen 

evolving catalyst 

This chapter covers the results of the manuscript [AM2], published in 2016 in the scientific 

journal Dalton Transactions (A. K. Mengele, S. Kaufhold, C. Streb, S. Rau, Generation of a stable 

supramolecular hydrogen evolving photocatalyst by alteration of the catalytic center, Dalton 

Trans. 2016, 45, 6612-6618).[137] Individual author contributions are listed in the respective 

section of chapter 9.2. 

Apart from its use as versatile reductant in many functional group transformations, hydrogen 

represents one of the key molecules in the future design of mankind´s fuel landscape. On the 

one hand, hydrogen can be directly used as energy source in fuel cells cleanly yielding pure 

water; however, the storage of gravimetrically even small amounts of hydrogen necessary for 

mobile applications such as cars is still difficult.[138] On the other hand, hydrogen may serve for 

the reductive conversion of CO2 to produce gaseous or liquid hydrocarbons. Since these are 

much easier to store and a widely distributed storage infrastructure is already available, a 

combination of clean hydrogen production from renewable energies followed by subsequent 

reaction with CO2 serving as C1 building block may represent a meaningful transition 

technology until hydrogen storage is optimized. Although electrolysis of water by means of 

wind or solar energy may represent clean sources of hydrogen, the reduction of water by 

molecular photocatalysis may overcome the efficiency of PV-electrolysis combinations.[16,20,37] 

In order to achieve hydrogen evolution by molecular photocatalysis, typically a light-harvesting 

component M as well as a proton reduction catalyst C are needed. As depicted in Figure 5.1, 

two scenarios can be differentiated.[139,140] If M and C are represented by two individual  
 

 

Figure 5.1: Schematic illustration of inter- (left) and intramolecularly (right) operating photocatalytic 
systems (M = light-absorbing molecule, Cox = catalyst in its oxidized state, Cred = catalyst in its reduced 
state, D = (sacrificial) electron donor; the dashed line in the right scheme indicates a molecular 
connection (linker/bridging ligand) between M and C). 
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molecular components, then so-called intermolecular photocatalysis is performed. If M and C 

are linked within one single molecular structure, intramolecular photocatalysis may occur if 

the eTs are proceeding along the molecular scaffold. Although the intermolecular system are 

easier to synthesize and to modify since the two separate molecules are typically not 

influencing each other’s properties upon modification, intramolecular systems bear the big 

advantage of fast and concentration-independent reductive charging of C. Often, the M-based 

emission is significantly quenched in many oligonuclear photocatalysts by intramolecular 

electron transfers.[141,142] Thus, for intramolecular systems the quenching efficiency is 

completely independent of M-C concentration; in a dinuclear system, M and C are always 

present in a 1:1 ratio, e.g. 5 µM and 5 µM. These impressive advantages result from the 

typically very fast photo-induced electron transfers along the molecular scaffold which are very 

often completed within less than 1 ns.[130,131,143]  

Since previous reports of an intramolecular system utilizing [(bpy)2RhX2]-like[141,142,144–147] 

(X = Cl, Br) or intermolecular systems using [(bpy)Rh(Cp*)Cl]Cl based catalysts[148,149] showed 

the promising potential of Rh centers to photochemically evolve hydrogen, the aim of the 

herein presented study was to combine the well-investigated [(tbbpy)2Ru(tpphz)]2+ framework 

(tbbpy = 4,4´-tert-butyl-2,2´-bipyridine, tpphz = tetrapyridophenazine) with a RhCp* catalyst 

and analyze it with respect to its photocatalytic properties. Based on the tpphz bringing ligand 

several supramolecular hydrogen evolving photocatalysts have already been successfully 

designed.[104,129–131,150] Together with their corresponding turnover numbers (TONs; 

n(H2)/n(catalyst)) they are presented in Figure 5.2. It should be noted that slightly modified 

PdClx-based systems (x = 1, 2) containing either bromo-substituents on the phenanthroline 

moiety connected to the Ru ion (TON = 94 after 18 h),[150] a tetrapyridoacridine (tpac) bridging 

ligand (TON = 139 after 18 h)[127] instead of the tpphz ligand or a tridentate coordination sphere 

at the Pd center due to anisyl modification at the phenanthroline moiety coordinated to the 

Pd ion (TON = 50 after 64 h)[129] all resulted in lower TONs compared to the unmodified 

[(tbbpy)2Ru(tpphz)PdCl2](PF6)2 system (TON = 238 after 18 h, see Figure 5.2). Consequently, in 

the presented study only the catalytic center was exchanged from PdCl2/PtX2 to RhCp*Cl. 

Owing to the easy cleavage of the [Rh(Cp*)Cl2]2 precursor by N,N-chelates,[148] stirring of 

[(tbbpy)2Ru(tpphz)](PF6)2 with 0.5 eq. of the chloride-bridged Rh-dimer resulted in a 

quantitative yield of heterodinuclear [(tbbpy)2Ru(tpphz)Rh(Cp*)Cl]Cl(PF6)2.  
 

 

Figure 5.2: Molecular structure and hydrogen evolution capacity of PdCl2 (left) and PtCl2 or PtI2 modified 
(right) [(tbbpy)2Ru(tpphz)]2+ complexes. The TONs were taken from the respective references discussing 
the Pd[104,150] and the Pt[130,131] containing compounds. 
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Figure 5.3: Synthesis scheme towards the dinuclear complex [(tbbpy)2Ru(tpphz)Rh(Cp*)Cl]Cl(PF6)2 
(RutpphzRhCp*). The reaction conditions are as follows: i) KBr, H2SO4, HNO3, 120 °C, 3 h; ii) Na2S2O4, 
NH4O2CCH3, 165 °C, 2 h, Ar-atmosphere; iii) ethylene glycol/acetone, 190 °C, 8 h; iv) MeOH, 80 °C, 48 h; 
v) DCM, room temperature, 4 h. The symbols attached to the heterodinuclear complex simplify the peak 
assignments in the 1H-NMR spectra shown below.  

The synthetic procedure for the synthesis of [(tbbpy)2Ru(tpphz)Rh(Cp*)Cl]Cl(PF6)2 

(RutpphzRhCp*) starting from commercially available or readily synthesized compounds is 

depicted in Figure 5.3. Here, the tpphz bridging ligand can be synthesized in a simple two-step 

process starting from 1,10-phenanthroline.[151,152] For the complex [(tbbpy)2RuCl2], an efficient 

microwave-assisted synthesis procedure starting from [Ru(cod)Cl2]n (cod = 1,5-cyclooctadiene) 

has been published.[103] Subsequently, [(tbbpy)2Ru(tpphz)](PF6)2 was synthesized by refluxing 

an excess of the tpphz ligand at relatively high temperatures (190 °C) in ethylene glycol in order 

to minimize the formation of the homodinuclear [(tbbpy)2Ru(tpphz)Ru(tbbpy)2]4+ complex.[104] 

The synthesis of the valuable [Rh(Cp*)Cl2]2 dimer is possible by refluxing commercially available 

RhCl3∙x H2O and 1,2,3,4,5-pentamethyl-cyclopentadiene in MeOH.[153] Finally, formation of the 

desired dinuclear complex RutpphzRhCp* is achieved by simply stirring 

[(tbbpy)2Ru(tpphz)](PF6)2 and the [Rh(Cp*)Cl2]2 dimer in DCM at room temperature in a so-

called complex-as-ligand approach. 

The structural analysis of RutpphzRhCp* reveals a pseudo C2-symmetry with a C2 axis of 

rotation along the two metal ions. This is deduced from an in-depth analysis of the  
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Figure 5.4: Aromatic region of the concentration-dependent 1H-NMR spectra of RutpphzRhCp*, 
recorded in MeCN-d3 at room temperature. Peak assignment according to Figure 5.3.  

concentration-dependent 1H-NMR spectra depicted in Figure 5.4 and Figure 5.5 highlighting 

the aromatic and the aliphatic regions, respectively. As can be seen in Figure 5.4, at the lowest 

concentration measured, where the formation of --stacking based dimers should be not 

important (0.5 mM), the aromatic tbbpy-localized protons which are assigned to the axial half-

spheres exhibit unusual coupling patterns. Predominantly the 5´ and 6´ signals which point 

(axcis) or do not point (axtrans) to the Cp* ring look very different with respect to their equatorial 

5 and 6 analogs. Therefore, an intramolecular ring current effect of the Cp* ring is assumed to 

induce the asymmetry. A similar result is also observed by inspecting the aliphatic region of the 

corresponding spectra (see Figure 5.5). At low concentrations, the axial tBu signal set is split 

into two singlets whereas the equatorial one gives rise to only one singlet. By selective NOESY-

spectroscopy it was possible to anambigously show the correlation between the corresponding 

aromatic and aliphatic signals. 

However, at higher concentrations than 0.5 mM, significant changes in the position and the 

number of signals is observed. Based on the relative strength of the shifts with respect to the 

spectrum at c = 0.5 mM, the assignment of axcis, axtrans, and eq was performed (see Figure 5.5). 

The strongest shift is observed for the signal assigned to axtrans since in a hypothetical dimer 

mediated by --stacking of the tpphz ligand,[154,155] this signal should feel the strongest impact 

of the Cp* ring. In this regard it should be noted, that for the heterodinuclear complex 

[(tbbpy)2Ru(tpphz)PdCl2](PF6)2, a truly C2-symmetric compound, only a shift of 1H-NMR 

resonances but not the splitting of signals is observed upon increasing the concentration of the 

analyte.[128] This further fortifies the above stated pseudo C2-symmetry of RutpphzRhCp*. In 

analogy to the significant peak shifts and peak splittings in the aliphatic region, even stronger 

effects were observed in the aromatic region shown in Figure 5.4. Since also the tpphz bridging 

ligand based signals do split at higher concentration, a twisted cross-like stacking between two 

complexes is assumed. 
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Figure 5.5: Aliphatic region of the concentration-dependent 1H-NMR spectra of RutpphzRhCp*, 
recorded in MeCN-d3 at room temperature. Peak assignment according to Figure 5.3. 

Unambiguous signal assignment in the aromatic region was based on H,H-COSY spectra (see 

Figure 5.6) as well as a selective NOESY-spectrum saturating the Cp* signal (see Figure 5.7). 

The latter clearly showed the through-space coupling of the Cp*-methyl groups and the a´-

protons of the bringing ligand being in close proximity.  

 

Figure 5.6: H,H-COSY spectrum of RutpphzRhCp* (6 mM), recorded in MeCN-d3 at room temperature. 
The symbols assign peaks which correspond to the same spin-system. Blue squares and green triangles 
can be assigned to phenanthroline moieties, orange ellipses and gray diamonds to pyridine moieties. 
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Figure 5.7: Selective NOESY spectrum of RutpphzRhCp* (3 mM) upon saturation of the Cp*-singlet at 
1.82 ppm. The spectrum was recorded in MeCN-d3 at room temperature. 

In addition to the signal splitting in the 1H-NMR spectrum, also in the 13C-NMR spectrum such 

an effect was observed. As can be seen in Figure 5.8, in the area of 30.4 to 30.6 ppm, three 

singlets which can be ascribed to the primary C-atoms of the tBu groups are observed. For true 

C2-symmetric [(tbbpy)2Ru]-based complexes, typically only two signals are detected. 

Consequently, the asymmetry introduction by the piano-stool like [RhCp*Cl]-moiety also leads 

to a different magnetic field for the axial spheres of the tbbpy ligands in the 13C-NMR spectrum. 

Additionally, the 13C-NMR spectrum also shows the characteristic doublet signal of the 

quaternary Cp* carbons. The reason for this is the nuclear spin quantum number I = ½ of Rh, 

which naturally only occurs as 103Rh (Rhodium is a mononuclidic element). 

With respect to the optical properties of RutpphzRhCp*, no significant changes with respect 

to the mononuclear complex [(tbbpy)2Ru(tpphz)](PF6)2 are observed (see Figure 5.9). This can 

be explained by the typically rather low absorbance of these [(N,N)Rh(Cp*)Cl]Cl complexes 

compared to Ru polypyridine based chromophores and rules out extensive electronic 

communication between the two metal centers. However, slightly higher absorbance for 

RutpphzRhCp* compared to [(tbbpy)2Ru(tpphz)](PF6)2 can be observed below 420 nm which 

results from a superposition of [(tbbpy)2Ru(tpphz)](PF6)2 based and [(phen)Rh(Cp*)Cl]Cl based 

absorbance. The yellow color of [(N,N)Rh(Cp*)Cl]Cl complexes arises from a broad LMCT 

excitation with maxima at ca. 360 to 375 nm which extends into the visible region. Here, ligand-

based electron density stems from either the Cl or the Cp* ligand.[113] Further energetically 

more demanding excitation processes of the [(N,N)Rh(Cp*)Cl]Cl centers can be ascribed to 

 
Figure 5.8: Section of the 13C-NMR spectrum of RutpphzRhCp* (ca. 80 mM), recorded in MeCN-d3 at 

room temperature.  
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Figure 5.9: Comparison of ground state UV-vis (left) and emission spectra (right) of RutpphzRhCp* and 
[(tbbpy)2Ru(tpphz)](PF6)2 (Rutpphz), recorded in air-equilibrated MeCN at room temperature, with 
c = 10 µM for both complexes. 

MLCT processes (L = N,N)[113] and -* transitions of the N,N and Cp* ligands which increase 

the absorbance of RutpphzRhCp* compared to [(tbbpy)2Ru(tpphz)](PF6)2 in the UV-region. The 

typical Ru polypyridine based absorption properties have already been discussed in 

chapter 2.3. However, for [(tbbpy)2Ru(tpphz)](PF6)2 and RutpphzRhCp* two characteristic 

bands between 360 and 390 nm are additionally observed. These can be ascribed to tpphz 

based LC transitions of n-* and -* origin.[156] Based on this analysis, a selective Ru 

polypyridine sphere based MLCT excited state can be populate by exciting RutpphzRhCp* close 

to the 1MLCT maximum localized at 442 nm by utilizing LED-sticks with max = 465-470 nm. By 

comparing the emission spectra of RutpphzRhCp* and [(tbbpy)2Ru(tpphz)](PF6)2 shown in 

Figure 5.9, a very efficient quenching of the Ru polypyridine based 3MLCT excited state occurs 

which may be ascribed to an intramolecular electron transfer. More details on this topic will 

be given in chapter 5.3. 

The assumption that this very efficient excited state quenching may be due to intramolecular 

electron transfers is fortified by the analysis of the cyclic voltammogram shown in Figure 5.10. 

Here, two anodic waves, one irreversible at +0.67 V and one reversible with E1/2 = +0.86 V vs. 

Fc+/Fc. can be observed. The first is ascribed to the irreversible oxidation of Cl- ions present in 

solution, the second refers to the RuIII/RuII couple. Since for the mononuclear 

[(tbbpy)2Ru(tpphz)](PF6)2 complex the redox potential of the RuIII/RuII couple was found at 

+0.83 V,[157] lack of electronic communication between Rh and Ru is evident from CV as well. 

 

Figure 5.10: Cyclic voltammogram of RutpphzRhCp* (1 mM), recorded in MeCN containing 0.1 M TBAPF 
as supporting electrolyte (v = 100 mV/s). The large peak centered at 0 V is ascribed to the Fc+/Fc couple. 
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In the reductive area, five reversible reductions can be observed. Notably, the first reduction 

can be ascribed to the RhIII/RhI couple at E1/2 = -1.09 V following a direct two-electron reduction 

by an ECE mechanism depicted in Figure 3.1. The second reduction is ascribed to the phenazine 

sphere of the tpphz ligand followed by two tbbpy based reductions and possibly a second tpphz 

reduction at E1/2 = -2.41 V. As a consequence of this sequence of reduction events, the 

prerequisites for successful intramolecular electron transfers from a Ru polypyridine sphere 

based MLCT state over the bridging ligand towards the catalytic center driven by 

electrochemical downhill processes are fulfilled. For the analogous complexes 

[(tbbpy)2Ru(tpphz)PdCl2](PF6)2 and [(tbbpy)2Ru(tpphz)PtX2](PF6)2 (X = Cl, I), such a “correct” 
sequence of potentials necessary for step-wise electron hopping has not been observed since 

the tpphz ligand is reduced at less negative potentials than the PdII or PtII ions.[104,130] 

Encouraged by these promising results, hydrogen evolution by RutpphzRhCp* was performed 

in MeCN:TEA:H2O = 6:3:1 (v:v:v) using one LED-stick (max = 465-470 nm, 45-50 mW/cm2) 

mounted next to the Schlenk tube containing the catalysis mixture. Although hydrogen 

evolution was monitored over a very long time of 670 h, only small TONs of 17 were detected. 

Control experiments performed with either [(tbbpy)2Ru(tpphz)](PF6)2 or [(tbbpy)Rh(Cp*)Cl]Cl 

did not result in any detectable amount of H2. Also, an intermolecular system composed of 

[Ru(tbbpy)3](PF6)2 and [(tbbpy)Rh(Cp*)Cl]Cl did only result in TON = 4 after 22 h (possibly 

limited due to the photolability of [Ru(tbbpy)3](PF6)2 in the coordinating solvent MeCN). The 

low overall activity can be explained by a later published investigation which revealed that 

hydrogen evolution from a two-fold reduced [(bpy)RhI(Cp*)] complex is endergonic in presence 

of excess TEA due to the unfavorable acid-base chemistry of the [Rh(Cp*)H] moiety under basic 

conditions.[116] As almost no RhCp* center becomes protonated, hydrogen evolution is very 

slow.  

Nevertheless, further investigations with RutpphzRhCp* revealed, that it produces H2 

molecularly and not like the reference complex [(tbbpy)2Ru(tpphz)PdCl2](PF6)2 by formation of 

catalytically active Pd colloids in the starting phase of the catalysis.[131] This was demonstrated 

by addition of a drop of mercury into the catalytic solution which gave the same kinetic H2 

evolution curves as in the absence of Hg. If catalytically active Rh colloids would have been 
 

 

Figure 5.11: TOC-graphic associated with the manuscript [AM2] highlighting the improved stability of 
[(tbbpy)2Ru(tpphz)]-based hydrogen evolving photocatalysts by exchanging the catalytic center from 
PdCl2 over PtX2 to RhCp*. Reproduced from ref.[137] with permission from The Royal Society of Chemistry. 
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formed significantly contributing to the overall evolution of H2, the formation of an inactive 

amalgam in presence of Hg would have strongly decreased the observed amount of H2. 

In conclusion, the developed heterodinuclear complex RutpphzRhCp* is capable of 

photocatalytic hydrogen evolution, although at very low rates. This however can be explained 

by the unfavorable acid-base chemistry at the two-fold reduced RhCp* center in presence of 

the rather basic TEA.[116] Recently, better H2 evolution performances for [(N,N)Rh(Cp*)Cl]Cl 

based complexes were reported if less basic TEOA (triethanolamine) is used as sacrificial 

electron donor.[107] Nevertheless, photocatalytic activity as well as photochemical stability was 

prolonged by substitution of the catalytic center from PdCl2 and PtX2 (X = Cl, I) to RhCp*Cl. This 

lead to the TOC-graphic shown in Figure 5.11. 

 

5.2 Coupling photocatalytic nicotinamide reduction to enzyme catalysis 

This chapter covers the results of the manuscript [AM3], published in 2017 in the scientific 

journal ChemCatChem (A. K. Mengele, G. M. Seibold, B. J. Eikmanns, S. Rau, Coupling Molecular 

Photocatalysis to Enzymatic Conversion, ChemCatChem 2017, 9, 4369-4376).[158] Individual 

author contributions are listed in the respective section of chapter 9.3. 

Based on the favorable optical and electrochemical properties of RutpphzRhCp* for 

applications in reductive half reactions of artificial photosynthesis discovered in the above 

analyzed study [AM2], as well as the long-known[159] property of [(N,N)Rh(Cp*)Cl]Cl based 

complexes to regioselectively convert oxidized nicotinamides such as NAD(P)+ to their 

corresponding biologically active reduced analogs, NAD(P)H,[160] coupling photocatalysis and 

reductive enzymatic biocatalysis using nicotinamides as redox mediators was anticipated next.  

In detail, this envisaged process would mimic the overall reaction of PSI in various aspects as 

shown in Figure 5.12.[161] In the artificial system, photon absorption is driven by the Ru tris-

bipyridine like coordination sphere, whereas in PSI the LHC surrounding P700 is responsible, 

respectively. Regeneration of the photooxidized chromophore is performed by a tertiary amine 

such as triethanolamine (TEOA; artificial system) or reduced plastocyanin (PCred, natural 

system). Electron transfer to the catalytic center is either mediated by the tpphz ligand (left) 

or by a complex cascade of chlorophyll/phylloquinone/FeS-clusters (right). 

 

Figure 5.12: Comparison between artificial photosynthesis using RutpphzRhCp* (left) and natural 
photosynthesis using PSI (right). 
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Figure 5.13: Comparison of NADPH formation by natural photosynthesis, mediated by the FNR bound 
FAD/FADH2 couple (top), based on refs.,[18,162,163] and artificial NADPH formation (bottom) using 
[(bpy)Rh(Cp*)Cl]+ based catalysts, based on refs.[117,160] The molecular structures of R and R´ are depicted 
in Figure 1.7. 

Finally, in the artificial system electron and proton accumulation as well as hydride transfer is 

performed by the [(N,N)Rh(Cp*)Cl]+ like catalyst. Similarly, these tasks are fulfilled by the 

FAD/FADH2 couple, non-covalently linked to the FNR. A detailed analysis of this analogy of 

coupling the photochemical one-electron processes and organic two-electron processes is 

presented in Figure 5.13.[164] It is clearly shown that in both cases, artificial[90] and natural 

photosynthesis,[165] the active hydride transferring moiety is generated by reductive PCETs. 

However, due to the absence of second-sphere interactions with the nicotinamide backbone, 

[(N,N)Rh(Cp*)Cl]+ like catalyst are typically incapable of discriminating NAD+ from NADP+.[166] In 

contrast, FNR of photosynthetically active organisms has a strong preference of NADP+ over 

NAD+ resulting from hydrogen bonding of the 2´-phosphate group in NADP+ with various amino 

acid side chains.[167] What is additionally shown in Figure 5.13 and has already been discussed 

in chapter 3 is, that in the transition metal based system generation of the active species is not 

only possible by sequential electron transfers (photo- or electrochemistry) but also by a purely 

thermal process using sodium formate as the reductant which is decomposed into CO2 by a 

simple -hydride elimination process.[160] 

In order to allow coupling of the nicotinamide reduction process to enzymatic conversion 

further downstream, both process, i.e. nicotinamide reduction using [(N,N)Rh(Cp*)Cl]+ like 

catalyst as well as utilizing FADH2 in the natural system, yield the biologically active 1,4-reduced 

NAD(P)H in very high selectivity.[160,167] Moreover, a significant similarity between the 

[Rh(Cp*)H] or [Rh(Cp*H)] moiety mediated[117] as well as the FADH2 mediated[167] process can 

be deduced (see Figure 5.14). 
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Figure 5.14: (Supra)molecular preorganization of NAD(P)+ for regioselective hydride transfer in 
[(bpy)Rh(Cp*)Cl]+ catalyzed (left), based on refs.,[117,160] or FADH2 mediated processes (right), based on 
refs.[167,168] Dashed lines either indicate the hydride transfer trajectory (blue) or hydrogen bonding 
(black) by serine (Ser) or glutamic acid (Glu) backbones. 

Similar to the case of proton reduction analyzed in detail in chapter 3, also for nicotinamide 

reduction it has been not conclusively shown whether a [Rh(Cp*)H] or [Rh(Cp*H)] fragment 

represents the actual hydride transferring species, although the latter one dominates the 

tautomeric equilibrium.[119] Therefore, both scenarios have been considered in 

Figure 5.14.[117,160] In accordance with literature, regioselectivity in the artificial systems arises 

from Rh-O interactions which directs the C4-atom of the m-carbamoyl pyridinium ring towards 

the blue colored hydride.[117,160] In contrast to the transition metal catalyzed process, hydrogen 

bonding between the carbamoyl-N-atom and serine as well as glutamic acid residues 

supramolecularly directs NADP+ in an angle of ca. 30° to the isoalloxazine ring of FADH2
[167,168] 

after the oxidized nicotinamide initially bound to FNR via the sugar bound 2´-phosphate moiety 

containing adenosine group.[169] This protein structure controlled arrangements results in an 

N5-C4 distance of 3.0 Å suitable for hydride transfer.[167] 

Considering all the above mentioned prerequisites of the ability of [(N,N)Rh(Cp*)Cl]+ like 

catalyst to regioselectively reduce nicotinamides as well as the results of study [AM2] which 

showed that reductive catalysis at the [RhCp*] center of RutpphzRhCp* is possible upon visible 

light absorption in presence of sacrificial electron donors, coupling of molecular photocatalysis 

and enzyme catalysis seemed feasible. However before testing the expensive naturally 

occurring nicotinamides, first the catalytic reduction of a cheap model substrate, 1-benzyl-3-

carbamoylpyridin-1-ium, BNA+ (see Figure 5.15 for the molecular structure), which is readily 

synthesized from nicotinamide and benzyl bromide,[170] was investigated. 

In order to evaluate, whether the coordination sphere environment around the RhCp* center 

in the heterodinuclear photocatalyst had any negative effect (e.g. loss of regioselectivity) on 

the well-known formate-driven thermal nicotinamide reduction process of common 

[(N,N)Rh(Cp*)Cl]+ based catalyst, RutpphzRhCp* was first examined for this catalysis process 

(recap Figure 5.13 for the overall catalytic cycle). As analyzed by 1H-NMR spectroscopy shown 

in Figure 5.15, a high regioselectivity for the production of the 1,4-reduced product could be 

observed, i.e. no detrimental effect of the tpphz ligand on the basic nicotinamide reduction 

chemistry of the RhCp* center was observed. The reaction was also monitored by UV-vis 

absorption spectroscopy and a new band with a maximum at ca. 355 nm was emerging (see 

Figure 5.16) which fits to the literature reported absorbance of 1,4-BNAH (or BNAH). 
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Figure 5.15: 1H-NMR spectroscopic analysis of formate-driven (0.2 M) BNA+ (10 mM) reduction using 
RutpphzRhCp* (200 µM) as catalyst, conducted in MeCN-d3:D2O = 1:4 (v:v) under an argon atmosphere 
(using degassed solvents); the reaction was performed at 40 °C; 1) mixture after 0 hours, 2) mixture after 
3 hours, 3) mixture after 6 hours, 4) mixture after 12 hours; 5) 1H-NMR spectrum of freshly synthesized 
BNAH under the same solvent conditions. Peak assignments for BNA+ (black) and BNAH (orange) are 
visible in spectra 1) and 5), the red circle indicates the peak originating from HCO2

-, the blue star 
highlights the residual HDO peak. Reproduced from ref.[158] with permission from John Wiley and Sons. 

Since the RhCp* center in RutpphzRhCp* proved to be effective in selectively reducing BNA+ 

to BNAH in the photo-independent process, the photocatalytic process was evaluated next. 

 

Figure 5.16: In-situ UV-vis absorption spectroscopy (left) and calculated TON/TOF-plot of formate-driven 
(50 mM) BNA+ (1 mM) reduction using RutpphzRhCp* (10 µM) as catalyst at room temperature in a 
MeCN:H2O = 1:9 (v.v) mixture under argon atmosphere (355 nm(BNAH) = 7240 L ∙mol-1∙cm-1).[171] 
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Figure 5.17: In-situ steady-state UV-vis spectroscopy of a catalytic solution containing RutpphzRhCp* 
(10 µM), BNA+ (0.5 mM), TEA (0.1 M) and NaH2PO4 (0.1 M) in MeCN:H2O = 1:1 (v:v) under argon 
atmosphere. Top left: Continuous irradiation with one LED-stick (max = 465 nm, 45-50 mW/cm2). Top 
right and bottom left: Corresponding conversion/TON/TOF-plots. Bottom right: Discontinuous 
irradiation with blue/black arrows indicating switched on/switched off light source. 

First, a suitable solvent mixture had to be found since nicotinamides are labile both under 

acidic as well as basic conditions (typically, pH value should be between 6 and 9).[172] A buffered 

solution of with varying shares of MeCN and H2O containing similar amounts of TEA and 

NaH2PO4 (little excess of TEA, typically TEA was slightly higher concentrated than 0.1 M) proved 

to represent an ideal medium. As shown in Figure 5.17, irradiation of a solution containing 

BNA+ and 2 mol% RutpphzRhCp* lead to the formation of a large peak centered at 355 nm. 

Based on the photo-independent pre-experiments (see above), a conversion of almost 80 % 

(TON ca. 40) for the formation of BNA+ to BNAH was calculated. Additionally, a broad peak 

centered at ca. 650 nm emerged as well, which was ascribed to a photo-reduced tpphz bridging 

ligand in this study. However, a more detailed photophysical analysis within study [AM4] (see 

chapter 5.3) revealed that this band originates from a RhICp* moiety. However, since 

photocatalysis obviously produced BNAH, the chosen conditions allowed the formation of a 

[RhICp*] / [Rh(Cp*)H] acid-base equilibrium (recap Figure 3.3). 

The kinetic profile of the photocatalytic BNAH formation shown in Figure 5.17 can be described 

as follows: After a short induction period necessary to reductively activate the RhCp* center, a 

rather constant nicotinamide reduction with a TOF between 12 and 14 h-1 was observed. At 

the end of the catalysis, when already much of the oxidized BNA+ was consumed, the reaction 

rate slowly decreased which may be attributed to substrate limitation. 
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Figure 5.17 additionally shows that by performing an on-off-experiment, an increase of the 

amount of BNAH was only observed if the sample was irradiated. In the herein presented study 

[AM3] this behavior was interpreted as the light-dependent reaction being the rate-limiting 

step of the catalysis. However, a more detailed photochemical/photophysical analysis in study 

[AM4] indicated that rather the light-independent nicotinamide conversion at the reductively 

activated RhCp* center represents the rate-limiting step of the catalysis and that the not 

changing absorbance at 355 nm upon switching off the LED-stick might result from two 

opposing features, namely BNAH formation and absorbance loss by consumption of reduced 

RhCp* centers. 

Nevertheless, based on these promising results on the photocatalytic ability of RutpphzRhCp* 

to reduce BNA+, the naturally occurring NAD+ and NADP+ were evaluated as well. Similar to 

BNA+, also for the biologically active compounds, only differing in the nature of the 3-

carbamoylpyridine-1-ium-N-substituent, the same spectral changes were observed (see 

appendix C for the full text publications). Additionally, the rate of nicotinamide reduction (BNA+ 

in this case) was independent of the presence of a 5000-fold excess of chloride ions as shown 

in Figure 5.18. This property is of utmost importance as it allows to run photobiocatalytic 

experiments in solvent systems optimized for enzyme stability and activity, where often 

specific cations and anions have to be present in solution (see below), without additionally 

fearing about the photocatalytic activity of RutpphzRhCp*. It may be noted that for the 

structurally similar heterodinuclear complex [(tbbpy)2Ru(tpphz)PdCl2](PF6)2 a strong inhibitory 

effect on the photocatalytic hydrogen evolution upon addition of excess chloride ions was 

observed.[131] This may be explained by the facile release of monodentate Cl ligand in 

[(N,N)Rh(Cp*)Cl]+ based catalysts upon addition of the first electron to the Rh center 

(coordinatively labile RhII moiety, see Figure 3.1 as well as Figure 3.3) whereas for the PdCl2-

based system such a process may not release the halogenide as effectively.[173] 

Encouraged by these findings, photobiocatalytic NADH-dependent pyruvate reduction by 

lactate dehydrogenase (LDH) was examined next. As can be seen in Figure 5.19, RutpphzRhCp* 

indeed performed as expected for a photocatalyst selectively generating 1,4-NADH. 

 

Figure 5.18: Chloride counter-anion independence of photocatalytic BNA+ (0.5 mM) reduction by 
RutpphzRhCp* (10 µM) assessed by UV-vis absorption spectroscopy. Conditions: TEA (0.1 M), NaH2PO4 
(0.1 M), pH = 8.7, NaCl (50 mM, “with NaCl”, black circles) in MeCN:H2O =1:1 (v:v) under argon 
atmosphere at room temperature. 
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Figure 5.19: In-situ UV-vis spectroscopy of the photobiocatalytic pyruvate (10 mM) reduction using 
heterodinuclear RutpphzRhCp* (10 µM) and lactate dehydrogenase (LDH; 5 kU/ml) as catalysts 
(conditions: NAD+ (0.96 mM), TEOA (0.2 M), MgCl2 (8.5 mM),.MeCN:H2O = 1:99 (v:v), pH = 8.7). Top 
left/right: UV-vis spectra in presence/absence of LDH (the legend indicates for how long the samples 
were irradiated with one blue light-emitting LED-stick; max = 465-470 nm, 45-50 mW/cm2). Bottom left: 
Comparison of the reduced nicotinamide absorbance at 340 nm depending on the presence (black 
circles) or absence (red circles) of LDH. Bottom right: General reaction scheme of the photobiocatalytic 
process. 

In presence of LDH almost no UV-vis spectroscopic changes were observed, i.e. the 

photocatalytically generated NADH was quickly consumed by the added LDH (see Figure 5.19 

for a schematic explanation). Cross-checking this result in the absence of LDH proved this 

interpretation to be true since in this case, the typical NADH band centered at 340 nm was 

emerging. Moreover, product analysis by HPLC revealed that 10 µM RutpphzRhCp* in 

presence of 5 kU/ml LDH produced 3.5 mM of lactate over a period of 17 h of irradiation. This 

is equal to a TON of 350 with respect to the heterodinuclear photocatalyst. Additionally, since 

only 0.96 mM of NAD+ were present in the solution, a recycling of the nicotinamide did occur. 

On average, every NAD+ was photocatalytically reduced and enzymatically consumed 3.5 

times. Finally, neither in the dark nor in the absence of LDH lactate was detected showing that, 

as depicted in Figure 5.19, the overall process is induced by visible light, and furthermore the 

reduced Rh center is not capable of reducing the keto group of pyruvate itself in a detectable 

amount. 

In order to evaluate whether only the combination of Ru chromophore and Rh catalyst allowed 

a successful photobiocatalysis, [(tbbpy)2Ru(tpphz)](PF6)2 and [Ru(tbbpy)3](PF6)2 were also 

examined in combination with LDH. Although for both compounds HPLC-analysis revealed no 

formation of lactate, in-situ UV-vis absorption spectroscopy showed an emerging band at ca. 
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340 nm (see the full text publications in appendix C). This contradictory result indicated, that 

by using these mononuclear Ru chromophores, NAD+ derived reduction products different to 

the biologically consumable 1,4-dihydronicotinamide may have formed. Indeed, a more 

detailed view on the redox chemistry of nicotinamides revealed (see Figure 5.20), that not only 

the naturally occurring NAD(P)+/NAD(P)H (i.e. 1,4-NAD(P)H) couple may be found as an 

intermediate in photo-irradiated solutions, but rather a dynamically changing compound 

mixture could probably be obtained. Especially in system bearing suitably photo-reductive 

chromophores such as e.g. Ru polypyridine complexes,[174] a complex reaction cascade starting 

with one-electron reduction of NAD(P)+ yielding NAD(P)• may parallel selective 1,4-NAD(P)H 

formation. Once NAD(P)• has been formed, several reactions may occur as depicted in 

Figure 5.20. In presence of acceptors such as e.g. oxygen, regeneration of NAD(P)+ will 

dominate further processes.[132] However, under anaerobic conditions, formation of a 4,4´-

NAD(P)2 dimer[175–178] or, if kinetically competitive, a second one-electron reduction 

accompanied by protonation may yield 1,2-, 1,4- or 1,6-NADH[175,179] (it may be noted that for 

less bulky R´ = benzyl a mixture of 4,4- and 4,6-dimers has been observed).[180,181] The 

sequential reduction process is especially effective if many electrons can be delivered in short 

time, i.e. by electrodes,[175,182,183] photo-excited semiconductor particles[179] or suitable 

chemical reductants.[170] Since in these cases absorption/desorption equilibria will additionally 

contribute how many NAD(P)• radicals are available in solution and therefore determine the 

radical dimerization kinetics, recent studies could show that with special electrode 

setups/electrode surfaces the biologically active 1,4-NAD(P)H can be electrocatalytically 

formed in high selectivity.[175,182,183] 

  

Figure 5.20: Schematic description of relevant aspects concerning nicotinamide redox chemistry. The 
molecules surrounded by a dashed frame represent the biologically active components (A = electron 
acceptor, S = substrate acting as hydride acceptor). 
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As the 4,4´-NAD(P)2 dimer as well as 1,4-NAD(P)H formation exhibit very similar absorption 

properties,[174,175,184] differentiation is possible by coupled enzyme reactions,[185] NMR-

spectroscopy[176,179,186] or emission spectroscopy. It was reported that compared to 1,4-

NAD(P)H, the dimer is only weakly[184] to non-fluorescent.[187,188] 

It may be further noted that the 4,4´-NAD(P)2 dimers are not necessarily representing an 

endpoint of e.g. a photochemical process. First, UV-irradiation can lead to photodispropor-

tionation yielding NAD(P)+ and 1,4-NAD(P)H.[189] Under the same conditions and in the 

presence of a suitable electron acceptor 1,4-NAD(P)H may be further stepwise photooxidized 

to NAD(P)+ as well.[189] Additionally, 4,4´-NAD(P)2 dimers or their artificial analogs with 

R´ = benzyl may act as sacrificial reductants to quench or regenerate photoexcited or 

photooxidized chromophores under appropriate conditions. Here, the dimeric species may act 

as two-electron reductant[190] if a suitable electron acceptor capable of oxidizing the NAD(P)• 

intermediate is present in solution.[191–193] However, in other cases the photogenerated dimers, 

originating from BNAH used as sacrificial electron donor, were assumed to represent the end-

point of visible light-driven photocatalysis. As shown in Figure 5.21, For certain systems the 

back electron transfer from photo-reduced chromophores to the BNA2
•+ intermediate was too 

fast to allow C4-C4 bond breaking.[181] Since the dimers represent more efficient reductive 

quenchers then the 1,4-dihydronicotinamides (kq2 > kq1),[181] much photonic energy is wasted 

in these processes since back electron transfer with BNA2
•+ competes with the reductive 

activation of a catalyst (Catox to Catred). Since the use of BNAH as the sacrificial electron donor 

directly yields the dimeric species, a self-inhibition of photocatalytic processes under such 

conditions may be observed.[181]  

 

Figure 5.21: Selected processes occurring with nicotinamides and its derivatives during photocatalysis 
with suitable chromophores M, based on refs.[181,194] The dashed arrows indicate the sequence (i, ii, iii) 
of processes which occur if the dimers act as two-electron donors, based on ref.[190]  
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Finally, [(N,N)Rh(Cp*)Cl]+ like catalyst are able to catalyze the tautomerization of 1,4-NAD(P)H 

and 1,6-NAD(P)H as well (see Figure 5.20). However, although the 6-position is the most 

electrophilic one in the oxidized nicotinamide ring, the Rh-O coordination mediated 

preorganization of nicotinamides at the RhCp* center favors the biologically active 1,4-

NAD(P)H by more than 20:1 over the 1,6-derivative.[160] 

Intrigued by this literature-known reactivity of Ru polypyridine complexes to photocatalytically 

induce one-electron reduction based nicotinamide radical chemistry, [(tbbpy)2Ru(tpphz)](PF6)2 

and [Ru(tbbpy)3](PF6)2 were tested for BNA+ reduction under the same conditions as utilized 

for RutpphzRhCp*. As shown in Figure 5.22, [(tbbpy)2Ru(tpphz)](PF6)2 produced reduced 

nicotinamide species at a significantly higher rate than the homoleptic complex 

[Ru(tbbpy)3](PF6)2 (compare panels 1 and 5) but still slower than RutpphzRhCp* (Figure 5.17).  

 

Figure 5.22: In-situ UV-vis spectroscopy of photocatalytic BNA+ reduction using [(tbbpy)2Ru(tpphz)](PF6)2 
(panels 1-4) or [Ru(tbbpy)3](PF6)2 (panels 5-6) as catalysts (10 µM in all cases). Conditions: BNA+ 
(1 mM/0 mM in panels 1-3 & 5/panels 4 & 6), TEA (0.1 M), NaH2PO4 (0.1 M) in MeCN: H2O = 1:1 (v:v) 
under argon atmosphere at room temperature. The legends indicate for how long the samples were 
irradiated with one blue light-emitting LED-stick; max = 465-470 nm, 45-50 mW/cm2. No irradiation in 
the case of panel 3, i.e. the sample was stored in the dark.  
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This was a rather interesting result since it did not follow the order of reduction potential of 

the two mononuclear Ru complexes. Due to a low-lying phenazine based LUMO, 

[(tbbpy)2Ru(tpphz)](PF6)2 is a less effective reductant compared to [Ru(tbbpy)3](PF6)2. 

However, a possible explanation for this behavior was deduced from concentration-dependent 
1H-NMR spectroscopy where it was shown, that only for [(tbbpy)2Ru(tpphz)](PF6)2 bearing a 

large planar ligand, supramolecular --interactions mediated assembling of the oxidized 

nicotinamide onto the tpphz sphere may occur which overcompensates the 

thermodynamically lower driving force for electron transfer (see the corresponding full text 

publication in appendix C). 

Additional information which could be gathered from the spectra depicted in Figure 5.22 were 

that BNA+ was stable in the dark over a prolonged period of time (4.5 h, panel 3), and that for 

[(tbbpy)2Ru(tpphz)](PF6)2 photoreduction of the tpphz ligand did occur in the presence of TEA 

(panel 4). Moreover, a further effect that might contribute to the lower nicotinamide reduction 

capability of [Ru(tbbpy)3](PF6)2 compared to [(tbbpy)2Ru(tpphz)](PF6)2 was its lower 

photostability under the utilized conditions (compare panels 4 and 6). 

Since the obtained UV-vis signatures during irradiation are not meaningful for differentiating 

the 1,4-reduced analogs from dimers as discussed above, 1H-NMR analysis was performed, 

investigating the products which were formed by the more effective [(tbbpy)2Ru(tpphz)](PF6)2.  

 

Figure 5.23: 1H-NMR spectroscopic changes during the irradiation of solution containing 
[(tbbpy)2Ru(tpphz)](PF6)2 (c = 100 µM), BNA+ (c = 10 mM), TEA (c = 0.1 M), NaH2PO4 (c = 0.1 M) in 
MeCN-d3:D2O = 1:1 (v:v) under argon atmosphere (degassed solvents); the spectra were recorded after 
the given time of irradiation; spectrum 6: 1H-NMR spectrum of freshly synthesized BNAH under the same 
solvent conditions. The blue star indicates residual DCM. Reproduced from ref.[158] with permission from 
John Wiley and Sons. 
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As shown in Figure 5.23, the peaks assigned to BNA+ (black numbers) diminished and new 

peaks not corresponding to BNAH (orange numbers) did emerge indicative of product mixture 

containing a lot of dimers. The result obtained by this 1H-NMR spectroscopic study indeed 

confirmed the results obtained from HPLC-analysis of the photobiocatalytic process using 

[(tbbpy)2Ru(tpphz)](PF6)2 as chromophore. As no biologically active 1,4-reduced nicotinamides 

seemed to have formed, no enzymatic conversion of pyruvate to lactate could occur. 

Next, the same 1H-NMR spectroscopic study was performed with RutpphzRhCp*. From the 

successful photobiocatalytic outcomes, highly selective photocatalytic BNAH formation was 

anticipated. However, as shown in Figure 5.24, qualitatively the same signal changes which 

were observed with the mononuclear [(tbbpy)2Ru(tpphz)](PF6)2 were also observed with 

RutpphzRhCp*, i.e. no BNAH was formed at all. This conflicting results may represent the fact, 

that, as shown in Figure 5.20 and Figure 5.21, intermediately generated BNAH (or in general 

regioselectively reduced 1,4-dihydronicotinamides) may act as competing sacrificial electron 

donor for the Ru polypyridine sphere of RutpphzRhCp*. The so-generated BNAH radical cations 

may deprotonate fast[195] and yield the same dimers after combination of the neutral radicals 

as if they were generated by one-electron reduction of BNA+ by [(tbbpy)2Ru(tpphz)](PF6)2.  

In order to provide experimental proofs for this hypothesis, RutpphzRhCp* was incubated 

together with TEA and BNAH acting as competing electron donors as well as BNA+ serving as 

terminal electron acceptor at the RhCp* center. As depicted in Figure 5.25, the intensity of the  

 

Figure 5.24: 1H-NMR spectroscopic changes during the irradiation of solution containing RutpphzRhCp* 
(c = 100 µM), BNA+ (c = 10 mM), TEA (c = 0.1 M), NaH2PO4 (c = 0.1 M) in MeCN-d3:D2O = 1:1 (v:v) under 
argon atmosphere (degassed solvents); the spectra were recorded after the given time of irradiation; 
spectrum 7: 1H-NMR spectrum of freshly synthesized BNAH under the same solvent conditions; for peak 
assignments see e.g. Figure 5.15 or Figure 5.23. The blue star indicates residual DCM. Reproduced from 
ref.[158] with permission from John Wiley and Sons. 
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Figure 5.25: 1H-NMR spectra of a catalytic mixture containing RutpphzRhCp* (100 µM), TEA (0.1 M), 
NaH2PO4 (0.1 M), BNA+ (10 mM), BNAH (30 mM) under argon atmosphere in MeCN-d3:D2O = 1:1 (v:v). 
The intense quartet at d = 3.05 ppm can be attributed to the methylene group of TEA. The samples were 
irradiated with one LED-stick (max = 465-470 nm, 45-50 mW/cm2), the corresponding irradiation time is 
given for each spectrum. 

characteristic peak at 2.99 ppm assigned to the CH2 group of the 1,4-dihydrpyridine ring of 

BNAH decreased over time if the sample was irradiated. Hence, BNAH indeed acted as a 

competing electron donor for regenerating the RuII oxidation state of RutpphzRhCp* after it 

has been photooxidized by absorption of a photon. In this regard it may be noted, that, as 

already discussed in chapter 2.3, TEA possess an oxidation potential of Eox ≈ 0.3 V vs. Fc+/Fc, 

whereas BNAH can be oxidized more easily (Eox ≈ 0.2 V).[88] 

From the combined results obtained within the study [AM3], several design criteria for well-

performing photobiocatalytic systems may be deduced. Firstly, dinuclear complexes designed 

for efficient reductive charging of the catalytic center may be utilized rather than 

multicomponent systems (chromophore and NAD(P)+-reducing catalyst as separated molecular 

species), since in such bifunctional catalysts, the radical chemistry of nicotinamides may 

efficiently be prohibited along with the possibility of detrimental dimer formation (efficient 

quenching of excited states).  

Secondly, dinuclear architectures may furthermore allow to work also in complex biological 

media since supramolecular interactions with enzymes will not lead to the separation of 

chromophore and catalyst from each other. This would have to be considered in 

multicomponent systems to prohibit such a local concentration of integral components of the 

photobiocatalytic process which might negatively impact the rate of the overall process. 

A third criterion is the need for quickly operating enzymes. Since the results of [AM3] could 

clearly show that an accumulation of BNAH/NADH might be detrimental due to NAD(P)2 dimer 

formation, in absence of enough enzyme for rapid nicotinamide reoxidation, the laborious 

photo-generated reduced nicotinamides would be destroyed by an inherent photooxidation 

cycle, significantly lowering the quantum yield of the overall photobiocatalytic process. 
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5.3 Photophysics and photochemistry of an intermediate in artificial 

photosynthesis 

This chapter covers the results of the manuscript [AM4], published in 2019 in the scientific 

journals Angewandte Chemie and Angewandte Chemie – International Edition (L. Zedler, A. K. 

Mengele, K. M. Ziems, Y. Zhang, M. Wächtler, S. Gräfe, T. Pascher, S. Rau, S. Kupfer, B. Dietzek, 

Unraveling the Light-Activated Reaction Mechanism in a Catalytically Competent Key 

Intermediate of a Multifunctional Molecular Catalyst for Artificial Photosynthesis, Angew. 

Chem. 2019, 131, 13274-13282; Angew. Chem. – Int. Ed. 2019, 58, 13140-13148).[109] Individual 

author contributions are listed in the respective section of chapter 9.4. 

In the chapters above, it was shown that [(tbbpy)2Ru(tpphz)Rh(Cp*)Cl]Cl(PF6)2, RutpphzRhCp*, 

is capable to perform reductive photocatalysis, forming either H2 (study [AM2]) or NAD(P)H 

(study [AM3]). Although the basic photophysical and electrochemical properties of 

RutpphzRhCp* (see chapter 5.1, study [AM2]) did suggest that a photoinduced hopping 

process after photoexcitation of the Ru polypyridine sphere might be feasible, no conclusive 

evidence was presented at this stage. Therefore, study [AM4] aimed to remediate this lack 

exploiting ultrafast absorption spectroscopy. 

This technique has already previously been utilized to analyze the excited state deactivation 

pathways and kinetics of structurally similar complexes. As shown in Figure 5.26, the 

chromophoric subunit [(tbbpy)2Ru(tpphz)](PF6)2 shows the following order of events following 

photon absorption:[143] After formation of an initial 1MLCT state with contributions from the 

tbbpy spheres as well as the phen moiety of the tpphz ligand, kinetically co-occurring ISC and 

ligand-to-ligand charge transfer (LLCT) lead to a 3MLCT state localized at the phen sphere of 

the tpphz bridging ligand (3MLCTphen). These processes are very fast and take place on the (sub)-

picosecond time scale, irrespective of the second N,N-coordination sphere being occupied by 

a metal or not. Subsequently, an intra-ligand charge transfer (ILCT) takes place generating a 
3MLCT state residing on the phenazine part of the tpphz ligand (3MLCTphen).  

 

Figure 5.26: Left: Photophysics of [(tbbpy)2Ru(tpphz)](PF6)2 (gray) and [(tbbpy)2Ru(tpphz)PdCl2](PF6)2 
(black); right: Comparison of the photophysics of different heterodinuclear, [(tbbpy)2Ru(tpphz)]2+-based, 
photocatalysts (MMCT = metal-to-metal charge transfer); based on refs.[130,131,143] 
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Compared to the parent mononuclear complex [(tbbpy)2Ru(tpphz)](PF6)2 where the process is 

characterized by a 240 ps time constant, the presence of a second metal accelerates this 

process significantly. In the depicted heterodinuclear architectures the ILCT takes place in 

4 - 5 ps.[130,131,143] The last step, a ligand-to-metal charge-transfer (LMCT) to reductively charge 

the catalyst occurs with time constants of 310 - 340 ps as shown in Figure 5.26.  

It should be furthermore noted, that in a very similar heterodinuclear architecture, 

[(bpy)2RuII(tpphz)OsIII(bpy)2]5+, generated via the selective chemical oxidation of 

[(bpy)2RuII(tpphz)OsII(bpy)2]4+, similar photophysics, albeit faster, have been observed.[196] For 

the chemically oxidized architecture, ILCT (iii) occurs within 2.1 ps and LMCT (iv) within 30 ps 

in MeCN. The improved kinetics compared to the heterodinuclear architectures shown in 

Figure 5.26 may result from the thermodynamically improved driving force for the LMCT 

process, since the OsIII is very easy to reduce (at ca. +0.4 V vs. Fc+/Fc) compared to the PdCl2 or 

PtX2 centers.[143] 

Before performing analogous experiments on RutpphzRhCp*, study [AM4] initially re-

investigated cyclic voltammetry as well as spectroelectrochemistry of RutpphzRhCp*. As 

shown in Figure 5.27, panels A and B, selective chemical reduction of the dinuclear compound 

 

Figure 5.27: A: UV-vis spectrum of the chemically reduced RutpphzRhCp* (green trace) using CoCp2 as 
reducing agent and the spectrum recorded after reaeration (grey trace) of the solution which 
regenerates the parent complex. B: Experimental in situ and C: calculated UV-vis spectroelectrochemical 
results of the reduction states of RutpphzRhCp*. Inset in (B): Cyclovoltammetry of RutpphzRhCp* in 
MeCN containing 0.1 M TBABF4 electrolyte. The applied potentials for the acquisition of the UV-vis 
spectra are marked in red and blue (scan rate 100 mVs-1 ,glassy carbon working electrode, Pt counter 
electrode, and Ag/AgCl pseudo-reference electrode). rR excitation and transient-absorption pump 
wavelengths are displayed as continuous and dashed vertical lines in the spectra, respectively. D–F: 
Experimental rR spectra of non-reduced (black), electrochemically doubly reduced (red) and chemically 
reduced (green) RutpphzRhCp*, excited at 405 (D), 473 (E), as well as 643 and 647 nm (F). Modes 
assigned to the tbbpy ligands are marked with an asterisk. Inset: rR-spectrum of reduced 
[(tbbpy)2Ru(tpphz)PtCl2](PF6)2, excited at 514 nm, shown for comparison. Gray-shaded Raman bands are 
assigned to tpphz vibrations. Reproduced from ref.[109] via a CC BY-NC-ND 4.0 license. 
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Figure 5.28: Top: UV-vis spectra of RutpphzRhCp* after chemical reduction with CoCp2 (black trace) and 
reoxidation at air (red trace). Bottom: UV-vis spectra of RutpphzRhCp* prior to (“0 min-spectrum”, black 
trace), after 1 min of irradiation (red trace) and after reoxidation at air (“reaerated-spectrum”, blue 
trace; identical to the “0 min”-spectrum) in presence of 0.1 M TEA. In both cases, the samples were kept 
under argon and the solvent system consisted of a mixture of MeCN:H2O = 1:1. Reproduced from ref.[109] 
via a CC BY-NC-ND 4.0 license. 

could successfully be performed with cobaltocene, CoCp2, indicated by the emerging RhICp* 

band at ca. 650 nm. The same spectral features were observed, if RutpphzRhCp* was 

irradiated for a short period of time in presence of TEA serving as sacrificial electron donor (see 

Figure 5.28). In both cases (chemical and photochemical reduction), the initial non-reduced 

RutpphzRhCp* species could be re-obtained by allowing oxygen to diffuse into the solutions. 

However, it should be noted, that upon longer irradiation of the sample which was used to 

investigate the photochemical reduction of RutpphzRhCp*, (an)other follow-up process(es) 

did occur where intended reoxidation did not fully regenerate the starting spectrum. 

Nevertheless, in agreement with theoretical calculations, the three-fold reduced species 

exhibited no new spectral features, but a more intense band centered at ca. 650 nm. In 

accordance with literature,[111] the first two reductions are assigned to occur at the RhIII site 

accompanied by a loss of the Cl- ligand whereas the third reduction process places one 

additional electron onto the phenazine sphere of the tpphz bridging ligand.  

As shown in Figure 5.27, resonance Raman (rR) spectroscopy of non-reduced and chemically 

two-fold reduced RutpphzRhCp* revealed the following: In the non-reduced state as well as in 

the two-fold reduced state, excitation of RutpphzRhCp* with  = 405 nm mainly leads to the 

population of 1MLCT states localized at the tbbpy ligands (panel D; see also appendix C for the 

full text publications; this data interpretation is confirmed by theoretical calculations). In 

contrast, strong differences in the rR spectra of non-reduced and two-fold reduced 

RutpphzRhCp* are observed, if  = 473 nm was chosen as the excitation wavelength. Upon 
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chemical reduction, the tpphz based vibrations significantly decrease in intensity with respect 

to the tbbpy bands, indicating that the tpphz ligand is no longer involved in 1MLCT formation. 

A similar result has already been obtained for the heterodinuclear photocatalyst 

[(tbbpy)2Ru(tpphz)PtCl2](PF6)2.[197] Here, the first reduction is centered at the phenazine part of 

the tpphz ligand. The coulombic repulsion resulting from the extra electron density on the 

bridging ligand hence leads to a preferred 1MLCT formation localized at the tbbpy sphere for 

the one-fold electrochemically reduced Ru-Pt dyad. In analogy to this interpretation, the 

similar behavior of two-fold reduced RutpphzRhCp* can be explained by effective -

backbonding of the [RhICp*] moiety into the tpphz ligand.[114,115] Although the 1,10-

phenanthroline sphere as well as the phenazine sphere were assumed to be electrochemically 

decoupled in corresponding RhCp* complexes,[111] the electron density added to the tpphz 

ligand upon two-electron reduction of the Rh center still seems to be effectively manipulating 

the direction of the 1MLCT in RutpphzRhCp*. This property of the heterodinuclear 

photocatalyst is schematically shown in Figure 5.29. 

Panel F of Figure 5.27 furthermore indicates, that in accordance to literature[113] the new 

emerging band centered at ca. 650 nm can be ascribed to a RhI → tpphz MLCT process since 

upon excitation with  = 643/647 nm only vibrations that are assigned to the tpphz were 

visible. 

Next, the photophysics of non-reduced RutpphzRhCp* were analyzed by time-resolved UV-vis 

absorption spectroscopy. As shown in Figure 5.30 and reminiscent of structurally similar 

compounds,[130,131,143] excitation of RutpphzRhCp* with  = 492 nm excites a 1MLCT localized at 

the tbbpy and the tpphz ligands (panel A). This is inferred from an instantaneous ground state 

bleach (GSB) at ca. 470 nm (RuII → tbbpy/tpphz 1MLCT) accompanied by excites-state 

absorptions (ESA) at 360 nm (intra-ligand absorption of the tbbpy radical anion) and 600 nm 

(intra-ligand absorption of the tpphz radical anion). Interestingly, after prolonged delay-times 

(panels A and D) significant absorbance at ca. 750 nm is observed. In agreement with quantum 

chemical calculations (see panel B) the far-red absorbance can be assigned to RhII → tpphz 
3MLCT after the monodentate Cl- ligand has been lost upon one-electron reduction of the RhIII 

center, thus providing experimental evidence for the proposed ECE-sequence of the 

electrochemical RhIII/RhI redox event (see Figure 3.1). 

 

Figure 5.29: Graphical interpretation of the experimentally obtained rR spectra of chemically two-fold 
reduced RutpphzRhCp*. 
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Figure 5.30: UV-vis transient-absorption data including A) experimental and B) calculated transient-
absorption spectra at selected delay times, C) transient kinetics at key wavelengths, and D) spectral 
changes associated with each kinetic process (DAS) for non-reduced RutpphzRhCp* pumped at 492 nm. 
For comparison, the inverted (that is, negative) steady-state absorption of the complex RutpphzRhCp* 
is also plotted (in gray) and scaled to the largest GSB signal at 360 nm (A). Inset in B: Charge-density 
differences for bright spin-allowed triplet–triplet excitations into intra-ligand State T27 (with Cl- bound to 
the Rh center) and into metal-to-ligand charge-transfer state T12 (without Cl- bound to the Rh center); 
charge transfer takes place from red to blue. Reproduced from ref.[109] via a CC BY-NC-ND 4.0 license. 

The kinetic analysis of the individual processes observed by transient absorption spectroscopy 

are compiled in Figure 5.31. Photon absorption ( = 492 nm) populates an 1MLCT state 

localized at tbbpy and tpphz ligands (phen-sphere). Within 1 ps, vibrational cooling, ISC and a 

LLCT co-occur and cannot kinetically be resolved (by the utilized apparatus). Afterwards, ILCT 

takes place shifting electron density from the phen-sphere of the tpphz bridging ligand towards 

the phenazine moiety. This process occurs with a time constant of 11 ps. A much slower LMCT 

(450 ps) finally forms a 3MMCT state which provokes dissociation of the Cl- ligand from the one-

fold reduced Rh center. It should be noted that Cl-release upon reduction of the catalytic center 

has also been proposed for the structurally very similar [(tbbpy)2Ru(tpphz)PdCl2](PF6)2.[143] 

However, for the Ru-Pd dyad this process was only assumed and not as clearly (experimentally 

and theoretically[173]) proven as in this study. Furthermore, and in agreement with 

literature,[149] one-electron reduction of the RhCp* center is followed by a slow 

disproportionation of the RhII centers yielding RhI and RhIII in a 1:1 ratio on the µs to short ms 

time scale. 
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Figure 5.31: Graphical representation of the individual processes following excitation of RutpphzRhCp* 
with a photon of  = 492 nm. Reproduced from ref.[109] via a CC BY-NC-ND 4.0 license. 

By comparing the experimentally obtained time constants with those of structurally similar 

[(tbbpy)2Ru(tpphz)]2+ based heterodinuclear photocatalysts (see Figure 5.26), it becomes 

apparent that the electron density shift from the phen sphere towards the phenazine moiety 

of the tpphz-ligand is slowed down by a factor of 2 - 3 and the LMCT process to form the one-

fold reduced catalytic center by a factor of ca. 1.5 for the herein analyzed RutpphzRhCp*. For 

the differences in the ILCT processes no clear rational can be given since only for 

RutpphzRhCp* the first reduction is metal-centered (for the Ru-Pd and Ru-Pt the first reduction 

occurs on the tpphz ligand at -1,42 V[104] and -1.09 V[130] vs. Fc+/Fc, respectively), which probably 

shifts the “true” tpphz centered reduction strongly to more cathodic potentials in 

RutpphzRhCp*; the third, tpphz-localized reduction of RutpphzRhCp* is observed at -1.44 V 

(see Figure 5.10). For the final LMCT process, the kinetic and electrochemical parameters do 

not follow a simple relation. Whereas for RutpphzRhCp* the metal is reduced at a potential of 

-1.09 V, for the Pd and Pt containing systems these reduction event are observed at -1.61 V[104] 

and -1.27 V,[130] respectively. Since RutpphzRhCp* possesses a catalytic center much easier to 

reduce than the Pd and Pt containing analogs, a significantly higher thermodynamic driving 

force for the final electron transfer would have to be expected. Nevertheless, with a time 

constant of 450 ps this event is 1.5-fold slower compared to the references, probably reflecting 

the significant structural reorganization that is accompanied by one-fold reduction of the RhIII 

center which alters the piano-stool geometry into a pseudo square planar ligand environment. 

After elucidation of the excited state deactivation pathway of the non-reduced RutpphzRhCp* 

complex, the same experimental procedure was applied to the two-fold CoCp2 reduced 

heterodinuclear architecture. As in the following only the final data interpretation will be 

discussed, the detailed transient absorption data obtained for this fully-charged intermediate 

of a photocatalytic cycle can be found in appendix C. A graphical representation of the 

deactivation pathways following selective 403 nm or 600 nm excitation is shown in Figure 5.32. 
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Figure 5.32: Graphical representation of the excited state deactivation pathways that follow 403 nm or 
600 nm excitation of two-fold reduced RutpphzRhCp*. Reproduced from ref.[109] via a CC BY-NC-ND 4.0 
license. 

In line with the above discussed rR spectra, absorption of a 403 nm photon populates a Ru 

based MLCT state residing on the terminal tbbpy ligands. Interestingly, an instantaneous GSB 

of the RhI → tpphz MLCT band indicates an extremely fast oxidation of the RhI center by the 

photogenerated RuIII state yielding RhII and RuII. After cooling (2 ps) and LLCT (43 ps) from the 

tbbpy ligands to the phen sphere of the tpphz ligand, electron density further shifts towards 

the phenazine sphere with a time constant of 600 ps. It should be noted that the same ILCT 

occurs more than 50 times faster (11 ps) if RhIII is bound to the second tpphz coordination 

sphere. This might reflect the fact that also the pseudo square planar coordination 

environment surrounding the RhII ion allows for significant -backbonding into the tpphz 

ligand, thus establishing an electronic barrier for the phen-to-phenazine charge transfer. 

Finally, the LMCT to regenerate the two-fold reduced ground state only occurs on the ns time 

scale. This finding clearly was unexpected since the 17 VE RhII center is thermodynamically 

easier to reduce than the 18 VE RhIII species in the non-reduced complex for which the LMCT 

process occurred within 450 ps (see Figure 3.1 for the ECE based two-electron reduction of the 

RhIIICp* center). However, also for this process the -backbonding at the RhII state might 

establish a significant electronic barrier that slows down the LMCT process. 

It should be additionally noted that this last LMCT step actually represents a process taking 

place during the reductive activation of the catalyst. It has to be considered, that one-electron 

reduction of the RhIII center proceeds, based on the outlined kinetics of Figure 5.31, via 

intramolecular electron transfer followed by regeneration of the RuII state by a suitable 

electron donor. As the disproportionation of two RhII centers only occurs on the µs to ms time 

scale,[149] especially under the dilute conditions utilized in photocatalysis application, a 

significant amount of RhI species will probably be formed by two sequential intramolecular 

electron transfers. Assuming qualitatively similar -backbonding of the [RhIICp*] fragment and 

the [RhICp*] moiety, also in the overall one-fold reduced photocatalyst, excitation with 

typically utilized LED-sticks ( = 465 nm) might populate a tbbpy based MLCT state (recap 

Figure 5.27). Under the assumption that RuIII being caged by the polypyridine scaffold does not 



Results and Discussion   125 

lead to an acceleration of the intramolecular electron transfer cascade compared to the 

scenario shown above (see Figure 5.32), where RuII is octahedrally coordinated to the three 

N,N-chelate ligands, excitation of the one-fold reduced RutpphzRhCp* might result in the RuII-

tpphz-RhII state if RuII regeneration by a donor is faster than the final slow Rh-to-Ru LMCT, 

taking place on the ns time scale. Therefore, the observations gained from the transient 

absorption experiments of the two-fold reduced RutpphzRhCp* also allows to draw a 

meaningful hypothesis regarding the fate of the second electron. As the RhIII/RhI couple at 

RutpphzRhCp* follows ECE reduction chemistry as almost all [(N,N)Rh(Cp*)Cl]+ based systems 

(for exceptions see chapter 3), along with the tendency of the RhII state to disproportionate 

into RhIII and RhI, the RhII intermediate cannot be selectively generated and isolated. Hence, 

the photoinduced oxidation of the selectively two-fold reduced RhI center by a pendant Ru 

polypyridine based MLCT excited state is one of the few possibilities to get short-time access 

to characterize the RhII moiety.[148]  

As additionally shown in Figure 5.32, excitation of the RhI → tpphz MLCT process utilizing a 

600 nm laser leads to the same intermediate characterized by a long-lived tpphz-radical-

anion/RhII charge separated state which is formed via vibrational cooling and ILCT at time 

scales of 5 ps and 485 ps, respectively. Hence, in both cases a photo-induced discharging of the 

catalytically competent RhI center occurs, generating a presumably catalytically inactive RhII 

intermediate. This hypothesis was drawn from the generally accepted reduction chemistry of 

RhCp* complexes depicted in Figure 3.3, indicating oxidative addition of a proton and 

concomitant formation of a transferable hydride earliest at the RhI state. In order to prove this 

hypothesis, reduction of nicotinamides under special conditions was performed. The chosen 

conditions had to fulfill several prerequisites: First, the nicotinamides had to be stable; second, 

the acid-base equilibrium of the RhI(Cp*)/RhIIIH(Cp*) couple had to be mainly localized at the 

RhI(Cp*) side to probe the hypothesized photoinactivation, although not completely to still 

allow hydride transfer onto the nicotinamides to occur. Luckily, a simple MeCN:H2O = 1:1 (v:v) 

mixture gave ideal conditions to observe the process. 

As shown in Figure 5.33, panels C and D, selective chemical reduction of RutpphzRhCp* using 

CoCp2, followed by addition of BNA+ (200 µM), revealed that consumption of the RhI species 

(decreasing absorbance at 650 nm) associated with formation of BNAH (increasing absorbance 

at 355 nm) could be observed, if the sample was stored in the dark. However, if the same 

solution was irradiated by one LED stick ( = 465 nm), almost no spectral changes did occur, 

indicating no turnover. These results indeed verified the above stated hypothesis, that the 

results obtained from transient absorption spectroscopy, suggesting a photo-induced 

discharging of the catalytically competent RhI state, can be transferred to bulk properties of 

the RutpphzRhCp* photocatalyst and experimentally observed under suitable conditions. This 

furthermore confirms, that the RhII state is indeed not capable of reductive catalysis, a property 

of RhCp* catalysts which has so far only been proposed due the impossibility to isolate the RhII 

species under conditions suitable for catalysis. 
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Figure 5.33: A: General reaction scheme of RutpphzRhCp* reduction and subsequent BNAH formation. 
B: UV-vis spectroscopic monitoring of the light-driven (exc = 463 nm) catalytic hydrogenation of a 
nicotinamide using RutpphzRhCp* (20 µM) in MeCN:H2O = 1:1 with 0.1 M TEA and 0.08 M NaH2PO4. 
Inset: Calculated catalysis parameters TON and TOF based on the spectroscopic changes at 355 nm 
induced by the formation of BNAH. C and D: UV-vis spectroscopic changes during addition of 200 µM of 
the substrate BNA+ to a solution containing chemically (by CoCp2) reduced RutpphzRhCp* during 
irradiation (D) with a 463 nm LED stick or keeping the solution in the dark (C). Insets: Relative absorbance 
changes at 665 nm and 355 nm with time. Reproduced from ref.[109] via a CC BY-NC-ND 4.0 license. 

Although the two-fold reduced and protonated RutpphzRhCp* was not investigated within 

study [AM4], the absence of the 650 nm band originating from the RhI → tpphz MLCT process 

at least rules out the possibility of red-light induced hampering of the catalytic cycle. Since 

significant  BNAH formation was also observed under continuous irradiation (panel B of 

Figure 5.33), it might be deduced that also blue light irradiation of the two-fold reduced and 

protonated RutpphzRhCp* does not inhibit reductive photocatalysis. However, striving to 

optimize nicotinamide photoreduction considering the revealed properties of RutpphzRhCp* 

a light on/light off alternation approach was tested to first photochemically activate the 

heterodinuclear photocatalyst and then exploit improved substrate conversion in the dark. The 

obtained data are depicted in Figure 5.34. Whereas panels A-C contain the detailed UV-vis 

absorption spectra, the relevant information can be mainly deduced from panel D and to some 

extent from panel E. Whereas the latter indicates that reoxidation of the RhI center leads to an 

absorbance loss at 355 nm, thus overriding the absorbance increase gained from BNAH 

formation, panel D clearly shows that nicotinamide reduction is significantly faster in phases of 

irradiation compared to phases when the sample was stored in the dark. As the only 

fundamental difference to the experiments presented in Figure 5.33 where RutpphzRhCp* was 

selectively reduced by stoichiometric amounts of CoCp2 was the presence of excess TEA, an 

additional reaction pathway involving the tertiary amine seemed to positively influence the 

reaction kinetics.  

A reasonable explanation for this behavior is presented in Figure 5.35. Whereas the two-fold 

reduced RutpphzRhCp* is able to undergo acid-base chemistry with available protons of the 

solution forming the actual hydride transferring species bearing either a [RhIII(Cp*)H] or a 

[RhI(Cp*H] fragment (see Figure 3.3), at the same time excitation of one of these species 

followed by TEA mediated regeneration of the RuII state might yield a three-fold reduced 

catalyst species. 
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This three-fold reduced species might then be on the one hand more hydridic, i.e. it bears a 

higher tendency/driving force to transfer the hydride to a suitable acceptor such as an oxidized 

nicotinamide. On the other hand, the third electron, presumably being localized on the 

phenazine sphere of the tpphz ligand, might shift the acid-base chemistry of the RhCp* moiety 

strongly to the protonated form since -backbonding at the RhI state might be significantly 

hampered by electrostatic interactions with the third electron. In combination, these two 

parameters might contribute to the experimentally detected faster nicotinamide reduction  

 

Figure 5.34: A-C: UV-Vis spectroscopic changes during the irradiation/heating process (light-on/ light-off 
experiment). Temporal evolution is indicated by a color change from green over blue and purple to red 
and finally black. Spectra recorded after irradiation are depicted as solid lines, dotted curves represent 
the spectra obtained after placing the cuvette into a 40 °C water bath or after reoxidizing the sample 
using air (black dotted curve). D: Absorbance changes at 355 nm (black, BNAH-formation) and 660 nm 
(blue, RhI formation and reoxidation) highlight the temporal evolution at characteristic wavelengths. E: 
Comparing absolute absorbance losses at 335 and 660 nm during the four reoxidation processes (1st  
reoxidation at 40 °C between 40 and 70 min, 2nd reoxidation at 40 °C between 100 and 130 min, 3rd 
reoxidation at 40 °C between 160 and 180 min and 4th reoxidation using air after 200 min) indicates that 
reoxidation of the catalyst RutpphzRhCp* is coupled to an absorbance loss at 355 nm (see 4th 
reoxidation, where no BNAH was formed due to the fast reoxidation the sample by air). Smaller 
absorbance losses at 355 nm during the first three 40 °C reoxidations hence indicate BNAH formation 
coupled to RhI reoxidation (conditions: 20 µM RutpphzRhCp*, 200 µM BNA+, MeCN:H2O = 1:1 (v:v), Ar 
atmosphere, irradiation with one LED-stick,  = 463 nm, 45 mW/cm2, 0.1 M TEA, 0.08 M NaH2PO4). 
Reproduced from ref.[109] via a CC BY-NC-ND 4.0 license. 
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Figure 5.35: Reaction scheme trying to explain the observed accelerated nicotinamide reduction upon 
continuous sample irradiation. Putative photochemically three-fold reduced intermediates, generated 
via reduction of two-fold reduced and protonated species by the donor D, may accelerate hydride 
transfer onto the oxidized nicotinamides. 

upon irradiation compared to the sample stored in the dark, if an excess of sacrificial electron 

donor is present in the solution. 

Although this hypothesis of a very reactive three-fold reduced species is not backed up by 

spectroscopic evidences, there are several literature reports regarding electrocatalytic 

behavior of similar RhCp* systems only at potentials attributed to the third reduction of these 

systems.[106,121,122] 

 

5.4 Regioselective 4,7-deuterations of 1,10-phenanthrolines by 

reductively activated RhCp* catalysts 

This chapter covers the results of the manuscript [AM5], published in 2020 in the scientific 

journal Organometallics (A. K. Mengele, S. Rau, The Metallic Traveler: Formate- and 

Photoinduced Regioselective Phenanthroline Deuterations via Reductively Activated RhCp* 

Centers, Organometallics 2020, 39, 2739-2748).[198] Individual author contributions are listed 

in the respective section of chapter 9.5. 

During catalysis experiments in reference to study [AM3], it was observed that the complex 

[(tbbpy)Rh(Cp*)Cl]Cl was able to hydrogenate the phenazine sphere of tpphz and dppz 
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(dipyridophenazine) ligands. A careful 1H-NMR analysis furthermore revealed that under 

suitable conditions, not only the literature-known dppzH2 ligand was formed,[199] but longer 

incubation lead to the loss of one specific 1H-signal which was assigned to the phenanthroline 

moiety of the dppz ligand. Therefore, the possibility of RhCp* catalyzed phenanthroline 

deuterations was investigated within the herein presented study [AM5]. An additional 

motivation to systematically probe the capability of RhCp* based complexes for ligand 

deuterations was the above discussed fact (see chapter 2.2, Figure 2.4 and corresponding text), 

that exchanging H for D at selected positions within a molecule may prolong the excited state 

lifetime due to decreased rates of non-luminescent deactivation. 

It should be noted that RhCp* based coordination compounds have already been utilized as 

catalysts for regioselective H/D exchanges. The system that bears the closest similarity to the 

intended processes of the herein presented study [AM5], is a catalysis reported by Enders and 

coworkers (see Figure 5.36).[200] They could show that a RhCp* complex bearing a pendant 

quinolyl moiety covalently attached to the Cp* ring was able to perform an H/D exchange on 

different alkenes. As a vacant coordination site necessary to allow oxidative addition of C6D6 

was only formed under irradiation, the whole H/D exchange process could be classified as 

being photo-dependent. For monosubstituted alkenes, they additionally found minor 

regioselectivity since e.g. for 2,2-dimethyl-butene the 3-position was more efficiently 

deuterated than the 4-position. Inspired by this RhCp* catalyzed process as well as a recent 

report of the MacMillan group showing IrIII photosensitizer catalyzed regioselective 

deuteration and tritiation of tertiary amines in the -position,[201] study [AM5] tried to 

investigate the photocatalytic H/D exchange capability of RutpphzRhCp*. 

 

Figure 5.36: Photo-dependent alkene deuteration catalyzed by a modified RhCp* complex reported by 
Enders and coworkers; based on ref.[200] 
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Figure 5.37: 1H-NMR spectroscopic changes of a reaction mixture containing phen (25 mM), NaHCO2 
(160 mM) and [(tbbpy)Rh(Cp*)Cl]Cl (0.85 mM, 3.5 mol%) in MeOD-d4 under an argon atmosphere. The 
large signal at 8.55 ppm can be assigned to HCO2

-. Bottom spectrum: 1H-NMR spectrum directly after 
preparation of the reaction mixture; top spectrum: 1H-NMR spectrum after 18 h at 50 °C. Reproduced 
from ref.[198] with permission from the American Chemical Society. 

As the initial experiments using the dppz ligand revealed a deuteration process at the 

phenanthroline moiety, simple 1,10-phenanthroline was investigated first in order to descry, 

whether the deuteration was specific to the dppz ligand or if the molecular scaffold of 1,10-

phenanthroline (phen) sufficed to effect the desired regioselective H/D-exchange.  

Initially, [(tbbpy)Rh(Cp*)Cl]Cl was utilized as refence catalyst. Incubation of this complex in 

presence of NaHCO2 which can be utilized to reductively activate the Rh center (recap 

Figure 5.13) did lead to the 1H-NMR spectroscopic changes shown in Figure 5.37. Based on 

these results a regioselective 4,7-deuteration of phen yielding 4,7-dideutero-1,10-

phenanthroline (d2-phen) was suggested. The product was additionally analyzed by mass 

spectrometry and 13C-NMR spectroscopy where the successful H/D-exchange could be 

observed by a splitting of the corresponding 13C-signal into a triplet due to deuterium´s nuclear 

spin quantum number of I = 1 (see Figure 5.38). 

As control experiments revealed that neither in the dark or in the presence of oxygen nor in 

the absence of sodium formate or the catalyst [(tbbpy)Rh(Cp*)Cl]Cl an H/D exchange occurred, 

it was deduced that a reduced RhCp* species represented the active catalyst. Since also 

substoichiometric amounts of sodium formate (25 mol% with respect to phen) were sufficient 

to quantitatively yield d2-phen, a two-step process consisting of a reductive activation of the 

catalyst followed by multiple reducing agent independent H/D exchange events seemed to 

occur. After exploring the catalytic activity of [(tbbpy)Rh(Cp*)Cl]Cl, RutpphzRhCp* was used as 

catalyst under the same NaHCO2-dependent conditions. Pleasingly, the same reactivity as for 

[(tbbpy)Rh(Cp*)Cl]Cl was observed. The altered N,N-chelate structure did not influence the 

catalytic behavior (neither positively nor negatively). 

As within the series of studies [AM2], [AM3] and [AM4] reductive activation of the RhCp* 

moiety by intramolecular electron transfers from the Ru polypyridine sphere of RutpphzRhCp* 

has been shown to occur (see Figure 5.31 and Figure 5.32), next a photo-induced H/D exchange 
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Figure 5.38: 13C-NMR spectra of phen (bottom) and d2-phen (top), recorded in MeOD-d4. Reproduced 
from ref.[198] with permission from the American Chemical Society. 

was investigated. In presence of TEA serving as electron donor and under an atmosphere of 

argon, quantitative formation of d2-phen was observed after 14 h of continuous irradiation 

with one LED-stick ( = 465 nm, 45-50 mW/cm2) at room temperature in a mixture of MeCN-

d3:D2O = 2:3.5 (v:v). Note, that as long as D2O was present in the solution, the exact volumetric 

composition of the solvent system did not influence the catalytic outcome. Inspired by the  
 

 

Figure 5.39: 1H-NMR-spectroscopic changes of a solution containing phen (2.5 mM), RutpphzRhCp* 
(10 mol%) and 0.1 M TEA in MeCN-d3:D2O (2:3.5, v:v) under argon (relative peak areas are given under 
each signal). Spectrum 1 was recorded directly after preparation of the solution, spectrum 2 after 45 min 
of irradiation at room temperature, spectra 3 and 4 after heating the sample subsequently for the given 
time at 50 °C. The small peaks visible in spectrum 1 can be assigned to RutpphzRhCp* which faint during 
the catalysis most probably due to the presence of multiple catalyst species. Reproduced from Ref.[198] 
with permission from the American Chemical Society. 
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quantitative formation of d2-phen using only substoichiometric amounts of NaHCO2 in a purely 

thermal approach, which indicated a two-step process of reductive activation followed by 

redox-neutral H/D-exchanges, also a photo-initiated process where irradiation of the sample 

was performed only for a limited amount of time followed by heating of the sample in the dark 

was investigated. As depicted in Figure 5.39, during irradiation as well as in the post-irradiation 

period H/D exchanges did occur further confirming the generality of the two-step-process 

hypothesis. Since also in the photocatalytic scenario selective formation of d2-phen did 

proceed, indicated by loss of signal intensity at one specific position as well as multiplet 

simplification of the coupled H-signals, the reactivity of RutpphzRhCp* did not change despite 

the conditions were completely altered with respect to the NaHCO2 based approach. 

Moreover, exclusion experiments clearly revealed that the process is dependent on an initial 

reductive photo-activation of the catalyst; neither in absence of RutpphzRhCp* or TEA nor 

heating the full system under the exclusion of light did yielded d2-phen. As study [AM4] clearly 

revealed that in the presence of TEA a possible [RhI(Cp*)] / [RhIII(Cp*)H] equilibrium is strongly 

shifted to the deprotonated RhI species, it was assumed that the catalytically active species 

might be represented by a [(N,N)RhI(Cp*)] complex. The observed regioselectivity (only the 

4,7-positions were susceptible for an efficient H/D-exchange) was then initially interpreted 

based on a metal – -bond interaction between RhI and the -orbital of the olefinic 5,6-bond 

which then allows the reduced Rh center to only insert into the neighboring 4-C-H and 7-C-H 

bonds.  

However, since 2,9-dimethyl-1,10-phenanthroline, 2,9-diphenyl-1,10-phenanthroline and 

[(tbbpy)2Ru(phen)](PF6)2 did not undergo H/D exchange processes despite providing access to 

the olefinic 5,6-bond of the phen-backbone, the above raised mechanistic scenario was 

rejected. As 4-methyl-1,10-phenanthroline (4-Me-phen), 5-methyl-1,10-phenanthroline          

(5-Me-phen) and 5,6-dimethyl-1,10-phenanthroline (5,6-Me2-phen) all proved to be efficiently 

regioselectively deuterated at the 4,7-position if accessible i.e. no deutero-demethylation did 

occur (see Figure 5.40), the crucial factor for successful H/D exchange at 1,10-phenanthroline 

derivatives seemed to be represented by a well-accessible N,N-coordination sphere. 

In order to identify a possibly mechanistic scenario which would rationalize the open N,N-

coordination sphere as being indispensable for successful 4,7-deuteration, further experiments 

were conducted. First, incubation of equimolar amounts of [(tbbpy)Rh(Cp*)Cl]Cl and phen in 

presence of NaHCO2 did only lead to the isolation of pure tbbpy after workup with Et2O. 

Moreover, the same was observed if 5,6-Me2-phen was used instead of phen. However, using 

2,9-dimethyl-1,10-phenanthroline, the phen-derivative instead of tbbpy was isolated. Since an 

apparent ligand exchange under reductive conditions coincided with the positive and negative 

outcomes of regioselective H/D exchange events, a possible mechanism of successful 

phenanthroline deuterations was set up. After initial reductive activation of the Rh center, the 

RhCp* moiety might leave the N,N-coordination sphere of the initially utilized catalyst and 

subsequently coordinates to a suitable substrate. 
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Figure 5.40: Molecular structure and acronyms of variably methylated 1,10-phenanthroline derivatives 
which could be selectively deuterated despite providing steric congestion at the olefinic 5,6-bond. 
Reproduced from ref.[198] with permission from the American Chemical Society. 

The special electronic situation in these [(phen)RhI(Cp*)] coordination compounds, i.e. 

significant -backbonding into the phen(-derivative) ligand might then selectively weaken the 

4- and 7-C-H bonds giving rise to H/D exchanges with deuterated solvents. In order to provide 

spectroscopic evidence for this mechanistic hypothesis the specific optical properties and 

differences of RutpphzRhCp* and mononuclear [(tbbpy)2Ru(tpphz)]2+ (see chapter 5.1 and 

chapter 5.3 as well as the corresponding studies [AM2] and [AM4]) were exploited. Analyzing 

the compiled spectroscopic data shown in Figure 5.41, panels 1 and 2 confirm the results 

discussed above where [(tbbpy)Rh(Cp*)Cl]Cl was incubated with stoichiometric amounts of 

phen or 2,9-dimethyl-1,10-phenanthroline, respectively. Whereas in panel 2 the NaHCO2 

induced formation of the two-fold reduced RutpphzRhCp* in presence of 2,9-dimethyl-1,10- 

phenanthroline can be observed, under identical conditions but using phen instead of the 

dimethylated derivative not capable of coordinating to a RhCp* moiety, no formation of the 

two-fold reduced RutpphzRhCp* can be seen. Since the parallelly acquired emission spectra 

showed a significant increase in emission intensity for the sample presented in panel 1, a loss 

of the RhCp* moiety from the tpphz ligand in presence of excess phen did occur. Contrary, no 

ligand exchange was possible with 2,9-dimethyl-1,10-phenanthroline, thus giving rise to the 

broad band at ca. 650 nm which was ascribed to a RhI → tpphz MLCT process of two-fold 

reduced RutpphzRhCp*. Interestingly, subsequent addition of phen to pre-reduced 

RutpphzRhCp* (using NaHCO2 as reducing agent) did lead to an almost instantaneous ligand 

exchange of the RhICp* moiety from the tpphz sphere to phen (see panels 3 and 4). Contrary, 

this process was significantly slower in the absence of NaHCO2, i.e. for RhIIICp*. Thus, ligand 

exchange is controlled by the redox state of the Rh ion. 

The combined results then lead to the following mechanistic picture, shown in Figure 5.42. As 

the kinetics of the ligand exchange were strongly accelerated for the reduced RhICp* species, 

chemical (by NaHCO2) or photochemical (by TEA and the Ru polypyridine moiety) reduction of 

the precatalyst allows the RhICp* moiety to leave the N,N-coordination sphere of the initially 

utilized, [RhIIICp*Cl] containing coordination compounds. Coordination of the liberated RhICp* 

moiety to a sterically accessible 1,10-phenanthroline derivative subsequently specifically 

weakens the 4- and 7-C-H bonds, thus inducing H/D-exchanges with the acidic deuterons (OD 

group of D2O or MeOD-d4) of the solvent. Thus, according to the mechanism depicted in 

Figure 5.42, if the RhICp* moiety coordinated to phen, either no, one or two H/D exchanges 

might occur, prior to RhICp* decoordination. This renders (partially deuterated) phen 

unreactive with respect to regioselective deuteration until RhICp* recoordinates to the ligand 
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Figure 5.41: UV-vis absorption and emission spectra in MeOH showing RutpphzRhCp* (10 µM) as 
absorbent and luminescent probe for the evaluation of the reaction mechanism (Panels 1-4: Ar 
atmosphere, 25 mM NaHCO2; panels 5-6: air, no NaHCO2 added; panels 1-2: 50 °C; panels 3-6: room 
temperature; panels 1-2: 250 µM phen (1) or 2,9-Me2-phen (2) were added at the start of the reaction, 
respectively; panels 3-6: after an initial incubation period, 250 µM phen were added separately, 
indicated by the black arrows). Reproduced from ref.[198] with permission from the American Chemical 
Society. 

again, inducing reactivity. Due to the molecular symmetry of phen, this partial deuteration 

cannot be observed for this substrate by 1H-NMR spectroscopy. However as shown in 

Figure 5.43, a mass spectroscopic analysis of a 50 % deuterated phen (synthesized by using a 

D2O:H2O = 1:1 (v:v) mixture as aqueous part of the catalytic solution) did indeed verify the 

purely statistical deuteration of phen as deduced from the mechanism depicted in Figure 5.42. 

However, for chemically unsymmetrical substrates such as 5-chloro-1,10-phenanthroline (5-Cl-

phen), an independency of the two H/D exchanges at the 4- and 7-position could be observed 

by 1H-NMR spectroscopy. As shown in Figure 5.44, the H atom at position 4, close to the 5-Cl- 
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Figure 5.42: Mechanism of the RhCp* catalyzed regioselective 1,10-phenanthroline deuteration which 
is induced by thermal or photochemical reduction of the utilized [(N,N)RhIII(Cp*)Cl]+ precatalyst. 
Reproduced from ref.[198] with permission from the American Chemical Society. 

substituent, gets exchanged faster for D than the H atom at position 7. Consequently, also the 

multiplet structures associated with the H/D exchange at position 4, i.e. the signal arising from 

the H-atoms at position 2 and 3, do change faster from a doublet-of-doublet structure into a 

doublet than their corresponding analogs on the other half side of the 5-Cl-phen molecule. As 

a similar behavior was observed for the 5-bromo-1,10-phenanthroline (5-Br-phen) analog, a 

reaction rate increasing effect of EWGs was proposed. 

 

Figure 5.43: Expanded mass spectrum of 50% deuterated phen showing the [2M+Na]+ peak and a 
statistical deuteration distribution. Reproduced from ref.[198] with permission from the American 
Chemical Society. 
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Figure 5.44: 1H-NMR spectroscopic changes of a mixture containing 5-Cl-phen (25.7 mM), 
[(tbbpy)Rh(Cp*)Cl]Cl (0.75 mM, 3 mol%) and NaHCO2 (120 mM) in d4-MeOD under argon at 50 °C. The 
respective reaction time is represented in each spectrum. Reproduced from ref.[198] with permission 
from the American Chemical Society. 

However, contrary to 5-Cl-phen, for 5-Br-phen not only a fast regioselective 4,7-H/D-exchange 

took place, but also a much slower deuterodebromination yielding 4,5,7-trideutero-1,10-

phenanthroline (d3-phen). Similarly, Br/D exchange was also observed for 5,6-dibromo-1,10-

phenanthroline (5,6-Br2-phen) yielding 4,5,6,7-tetradeutero-1,10-phenanthroline (d4-phen). 

This was ascribed to the smaller C-Br binding energy compared to C-Cl thus allowing only Br/D 

and no Cl/D exchanges to occur.[202] A comparison of the variably deuterated 1,10-

phenanthrolines is shown in Figure 5.45. 

Finally, as deduced from the mechanism depicted in Figure 5.42, the utilized precatalysts 

RutpphzRhCp* and [(tbbpy)Rh(Cp*)Cl]Cl did only serve as molecularly defined RhCp* releasers 

upon reduction. Therefore, the use of these catalysts may represent a waste of synthetic effort 

considering the efficient cleavage of commercially available [Rh(Cp*)Cl2]2 by N,N-chelate 

ligands.[148] Therefore, a very simple protocol for yielding deuterated 1,10-phenanthrolines was 

developed. By simply incubating 5 mol% of [Rh(Cp*)Cl2]2 together with the respective 1,10-

phenanthroline substrate in presence of 25 mM NaHCO2 in MeOD-d4 at 50 °C under an 

atmosphere of argon, reliable 4,7-deuteration did occur.  

Moreover, in contrast to photocatalytic activity of RutpphzRhCp* in studies [AM2] and [AM3], 

where the two-electron reduced RhCp* species had to be regenerated after every turnover, 

the herein presented regioselective deuteration process also continued in the post-irradiation  
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Figure 5.45: Comparison of the 1H-NMR spectra of d4-phen (spectrum 1), d3-phen (spectrum 2), d2-phen 
(spectrum 3) and phen (spectrum 4) in CDCl3. Reproduced from ref.[198] with permission from the 
American Chemical Society. 

period. Whereas the classical examples of proton or nicotinamide reduction discussed in 

chapters 5.1 and 5.2 can be hence classified as photoassisted reactions, the presented 

deuteration process can be termed a photoredox induced catalytic reaction.[203]  

In summary, study [AM5] could show for the first time that a regioselective deuteration 

performed by a single catalyst (i.e. RutpphzRhCp*) can be initiated by two chemically 

orthogonal stimuli, i.e. either by heat (NaHCO2 based process) or light (TEA based process). 

Moreover, the same molecule (i.e. RutpphzRhCp*) also served as dual optical sensor 

(absorption as well as emission spectroscopy was utilized) to clarify the elementary steps 

occurring within the first minutes of catalysis. It was shown, that upon (photo)chemical 

activation, the reduced RhCp* moiety almost instantaneously leaves the initial ligand 

environment and effects statistical H/D exchange upon coordinative interaction with suitable 

1,10-phenanthroline derivatives. 

 

5.5 Photocatalytic oxidation of nicotinamides 

This chapter covers the results of the manuscript [AM6] (A. K. Mengele, D. Weixler, A. Chettri, 

M. Maurer,F. L. Huber, G. M. Seibold, B. Dietzek, B. J. Eikmanns, S. Rau, Switching the 

Mechanism of NADH Photooxidation by Supramolecular Interactions, Chem. – A Eur. J. 2021, 

27, doi.org/10.1002/chem.202103029).[204] Individual author contributions are listed in the 

respective section of chapter 9.6. 
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This study directly originated from the projects of photocatalytic nicotinamide reductions. 

During these studies it was observed, that if the utilized solvent(s) were not degassed very 

carefully, no UV-vis absorption band at 340 nm, diagnostic for the presence of reduced 

nicotinamides, was obtained. In addition, if a successful photocatalytic NADH oxidation process 

was stopped after a given time, reaeration of the argon saturated solution resulted in a very 

fast loss of the 340 nm band upon irradiation. If the reaerated solution was however stored in 

the dark, no significant changes of the UV-vis spectroscopic signature of the reaction mixture 

was detected. Consequently, a photochemical NADH reoxidation process via a reactive oxygen 

species (ROS) could be observed. As the Ru polypyridine complexes utilized for the 

nicotinamide reduction processes are known to also represent effective singlet-oxygen (1O2) 

photosensitizers, a NADH photooxidation process initiated by 1O2 was hypothesized (see 

Figure 5.46). However, in order to rationalize if such a process is generally feasible, in the 

following a brief description of singlet-oxygen will be presented, before the detailed results of 

this study [AM6] will be analyzed. 

Besides electron transfer (eT) reactions, energy transfer (EnT) is another very efficiently 

occurring process originating from 3MLCT excited states of Ru polypyridine complexes (see 

Figure 2.19). As discussed in the introductory part, Förster resonance energy transfer (FRET) is 

only occurring with high reaction rates, if the energy acceptor bears large extinction 

coefficients for the coupled transition due to the dipole-dipole nature of this EnT mechanism.  

Consequently, utilization of 3MLCT excited states for the generation of the electronically 

excited dioxygen molecule has to follow the Dexter mechanism as the extinction coefficients 

in the visible range are very close to zero. The colorless nature of the dioxygen molecule can 

be explained by considering the electronic situation of O2 depicted in Figure 5.47. As shown 

there, three different electron distributions exist for the electronic configuration given by 

[Be2](g)2(u)4(g*)2.[51] Depending on the orientation of the electron spins as well as on the 

occupation of the g* orbitals, the ground state 3g
- (herein further denoted as 3O2) and the 

energetically higher lying 1g (herein further denoted as 1O2 or singlet-oxygen) as well as 1g
+ 

can be differentiated.  

Energetically even more demanding electronic situations are obtained by the electronic 

configuration [Be2](g)2(u)3(g*)3 which is comprised of a set of six different electronic 
 

 

Figure 5.46: General reaction scheme of the photocatalytic nicotinamide oxidation (ORP = oxygen-
reduction-product, [Ru]2+ = general abbreviation for a Ru polypyridine complex). 
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Figure 5.47: MO-diagram (left) and electronic state diagram (right) of the dioxygen molecule; based on 
ref.[51] 

situations. Thereof, the three energetically lowest states are denoted as 3u, 3u
+ and 3u

-. Due 

to the spin-selection rule as well as due to different parities, the visible light or NIR absorptions 

of 3g
- populating the 1g or the 1g

+ state do not occur. However, UV-light can lead to the 

formation of the electronically excited states 3u
+ and 3u

- with bands at ca. 250 nm and ca. 

203 nm, respectively.[51] These transitions are not hampered by an alteration of overall spin 

and hence occur with large extinction coefficients, i.e. they are allowed transitions. 

Although 1O2 cannot be generated directly by the absorption of light, triplet excited states such 

as the thermally equilibrated and long-lived 3MLCT state of Ru polypyridine complexes are 

typically efficient 1O2 sensitizers. For [Ru(bpy)3]2+ serving as model compound, the quenching 

rate constant shows a value of kq = 1.9∙109 M-1s-1 in MeCN[205] and is therefore only one order 

of magnitude lower than the diffusion rate constant kd = 1.9∙1010 M-1s-1.[47] The energy transfer 

process itself bears significant charge-transfer character, i.e. the dual electron exchange is not 

completely synchronous. Therefore, excited states which are relatively easy to oxidize are 

generally better singlet-oxygen photosensitizers compared to analogous compounds which are 

harder to oxidize.[47,205] 

A qualitative mechanism for this Dexter EnT process is given in Figure 5.48. In order to 

understand why the orange colored electron and not the black electron belonging to the 3g
- 

state has to be formally exchanged with [Ru]2+*, the energy differences between the three 

energetically lowest states of the dioxygen molecule need to be considered and compared to 

the excited state energy of [Ru]2+*. As can be seen in Figure 5.48 on the right, the energetic 

splitting of these two excited singlet states with respect to the ground state 3O2 are 0.97 eV for 

the 1g state and 1.63 eV for the 1g
+ state. Using [Ru(bpy)3]2+ as reference molecule, which 

bears an excited state energy excess of 2.12 eV vs. its ground state, clearly a vibrationally hot 
1g

+ state will be formed, since EnT itself is always an isoenergetic process (see Figure 2.8). 

Once formed via EnT, the 1g
+ state typically relaxes very efficiently via IC into the 1g state (the 

lifetime of the 1g
+ state is only 8.2 ps in H2O).[47] In CCl4, the 1g state bears a very long lifetime 

of 87 ms and is hence of chemical interest. Under these specific conditions, the rate constant 

for radiative and non-radiative deactivation are kr = 1.1 s-1 and knr = 10.4 s-1, respectively.[47]  



140  Results and Discussion 

 

Figure 5.48: Simplified EnT mechanism for “singlet oxygen” generation using a generic Ru based 3MLCT 
excited state [Ru]2+* (left) and general photophysical scheme of the three energetically lowest states of 
the dioxygen molecule (the lifetimes were obtained in CCl4); based on ref.[47] 

These low deactivation rates which automatically lead to the long excited state lifetime of 

87 ms can be explained as follows: The radiative rate constant kr is very small because of the 

spin selection rule and the absence of heavy atoms. Consequently, phosphorescent 

deactivation is very inefficient.  

Since the 3g
- ground state as well as the excited 1g state both correspond to the same electron 

configuration, [Be2](g)2(u)4(g*)2, very similar interatomic distances re are observed. For the 
3g

- ground state re = 1.2074 Å and for the excited 1g state re = 1.2155 Å.[59] As a result, the 

situation of “nested surfaces” is obtained (see Figure 2.4); due to the poor vibrational 

wavefunction overlap in such situations, the non-radiative deactivation is inefficient as well. 

Since the emission quantum yield for 1O2 is 0.087 in CCl4, the well-known NIR emission of 

singlet-oxygen at max = 1270 nm can easily be detected.[59] Interestingly, the excited state 

lifetimes and consequently also the emission quantum yields are strongly depending on the 

nature of the solvent (additionally, the oxygen solubility in different solvent classes follows the 

order halogenated solvents > hydrocarbons > polar organic solvents > water).[47] For example, 

the lifetime of 1O2 in H2O is 3.1 µs, in benzene 30.0 µs, in acetonitrile 77.1 µs and in chloroform 

229 µs. Additionally, a strong isotope effect on the excited state lifetime has been observed. 

The 1O2 lifetime is 68 µs in D2O and 681 µs in perdeuterated benzene, C6D6.[59] These findings 

can be rationalized by a non-radiative deactivation pathway which proceeds via transfer of 

electronic energy stored in the 1g state of the dioxygen molecule to vibrations of the solvent. 

As 1O2 is converted to 3O2 during this step, this physical quenching process is termed a spin-

forbidden e-v deactivation. 

This e-v deactivation is graphically analyzed in Figure 5.49. Since the process starts in any case 

from the v = 0 level of the 1g state, all energy differences are given with respect to this level. 

Typically, only the 0-3, 0-2, 0-1 and 0-0 transitions bear enough energy to excite a stretching 

vibration of the solvent.[47] Now, an e-v deactivation process is efficient, if i) for the electronic 

relaxation of the dioxygen molecule good FC factors are found and ii) if the energy released by 

the dioxygen molecule only leads to a small energetic offset with respect to the vibrational 

level spacing of the acceptor solvent molecules. Since these prerequisites are typically 

effectively fulfilled by solvents bearing high frequency vibrations such as O-H and C-H (aliphatic 

and aromatic), high molar concentrations of these groups lead to small excited state lifetimes.  
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Figure 5.49: Qualitative schematic description of the e-v relaxation mechanism of singlet oxygen. The 
small single-digit numbers indicate the vibrational quantum number of der respective vibrational state, 
the black numbers on the right of the 3g

- potential curve represent the energy difference of the 

respective state vs. v = 0 of the 1g state (in cm-1). Vibrational 0-1 spacings of various acceptor modes 
are given on the right; based on ref.[47] 

Additionally, high FC factors are found for the 0-0 transition of the dioxygen molecule. This 

energy difference is best accommodated by the 0-2 overtone excitation of O-H groups. As a 

result, deactivation rate constants kd range from kd = 2900 M-1s-1 for O-H (ca. 3500 cm-1 

vibrational energy) to kd = 1500 M-1s-1 for C-H (aromatic, ca. 3000 cm-1 vibrational energy) over 

kd = 300 M-1s-1 C-H (aliphatic, ca. 2900 cm-1 vibrational energy) to kd = 0.6 M-1s-1 C-F (aromatic, 

ca. 1200 cm-1 vibrational energy).[47] These considerations and data rationalize the above 

mentioned strongly differing values ranging from 3.1 µs in H2O to 229 µs in CHCl3. Additionally, 

the strong isotope effect upon deuteration of the solvent can be explained with the schemes 

depicted in Figure 5.49 as well. Since deuteration leads to a smaller energetic splitting of the 

different vibrational levels, prerequisite ii) for an effective e-v deactivation is no longer fulfilled 

as well as for the non-deuterated analogs. Therefore, the deactivation rate constants are much 

lower for deuterated solvents: kd = 100 M-1s-1 O-D (ca. 2550 cm-1 vibrational energy) and to 

kd = 20 M-1s-1 for C-D (aromatic, ca. 2200 cm-1 vibrational energy).[47] Consequently, a reaction 

rate increase by using deuterated solvents is a good indicator for the involvement of 1O2 in e.g. 

a photooxidation reaction (see the results and discussion part below). 

Finally, as all excited molecules, also 1O2 represents a stronger oxidant (and reductant) than 

the 3O2 ground state. By considering the 0.97 eV stored in the 1g state with respect to the 

ground state, the redox potential of the O2 (3g
-) / O2

•- couple (+0.10 V vs. NHE) is increased to 

+1.07 V vs. NHE for the O2 (1g) / O2
•- couple.[47] As exemplified in detail for [Ru(bpy)3]2+ (see 

Figure 2.22) the range of possible substrates that can undergo redox reactions with 

electronically excited molecules is greatly increased.  

Consequently, redox reactions which did not proceed between the ground states of the 

respective reaction partners may take place if one of the molecules is in its excited state. As 

depicted in Figure 5.50, reduced nicotinamides which bear a one-electron oxidation potential 

at +0.90 V vs. NHE[206] cannot be oxidized by ground state 3O2 since E = Ered – Eox < 0 V.  
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Figure 5.50: Redox potentials for the one-electron reduction of ground state triplet oxygen (3g
-) and 

excited state singlet oxygen (1g) vs. NHE, rationalizing the different reactivities with respect to reduced 
nicotinamides such as NADH; based on refs.[47,206] 

However, for the reaction between 1O2 and NADH E > 0V, which makes singlet-oxygen an 

efficient one-electron oxidant for reduced nicotinamides. In fact, for this specific redox event, 

reaction rates of 4.3∙107 M-1s-1 have been experimentally determined.[133] Hence, based on 

thermodynamic and kinetic parameters, the hypothesized mechanism in Figure 5.46 turns out 

to be plausible. 

Moreover, the scheme depicted in Figure 5.51 covers many other important aspects of the 

photophysics and photochemistry involved in the formation and deactivation of singlet-

oxygen. Not only excited triplet states M*(T1) but also excited singlet states M*(S1) may be 

active 1O2 sensitizers if their M*(S1) / M*(T1) energy splitting is equal or larger than the 

O2(1g) / O2 (3g
-) energy difference (see Figure 2.8). In addition to the e-v quenching, two other 

efficient physical deactivation routes for 1O2 do exist (red arrows in Figure 5.51). If the 

Q*(T1) / Q(S0) energy splitting is smaller than the O2(1g) / O2 (3g
-) energy difference, EnT may 

occur. A classic example of this process is the interaction of singlet-oxygen and -carotene.[47] 

 

Figure 5.51: Photophysical and photochemical processes in connection with the formation and 
deactivation of singlet-oxygen (IC = internal conversion, ISC = intersystem crossing, EnT = energy 
transfer, e-v = electronic to vibrational energy dissipation, CT = charge transfer). Red arrows indicate 
physical quenching processes, green arrows indicate chemical quenching/trapping of singlet-oxygen; 
based on ref.[47] 
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Additionally, physical deactivation of 1O2 may also occur via a CT-like mechanism, where the 

encounter complex between 1O2 and Q bears a significant superoxide radical anion and Q-

radical character.[47] An often utilized quencher Q following this mechanism is the azide anion, 

N3
-.[207] As already discussed above, depending on the excited state energy of M*(T1) / M(So), 

either the O2(1g) state (option i)or the O2(1g
+) state may be formed (option ii, followed by fast 

IC; compare Figure 5.48 for energetics). 

Finally, the diffusion length of 1O2 through a given solute prior to physical or chemical 

deactivation will be discussed. Clearly, the diffusion length, i.e. the average distance a particle 

can cover with respect to its place of origin, will depend on the lifetime of 1O2 which is strongly 

depending on the environment as discussed above. According to the following equation, the 

diffusion length d can be calculated by[59] 

  𝑑 = √6 ∙ 𝐷𝑜 ∙ 𝜏 (eq. 5.1) 

with D0 representing the diffusion coefficient and  the excited state lifetime of 1O2 in the 

respective solvent. For H2O and D2O, which were the only solvents utilized in the study of 

reduced nicotinamides, D0 = 2.1∙10-5 cm2s-1.[59] With H2O = 3.1 µs and D2O = 68 µs, the following 

diffusion lengths are obtained: dH2O = 194 nm and dD2O = 926 nm. Clearly, the less efficient e-v 

deactivation by D2O leads to a much larger (ca. x5) diffusion of 1O2 through the solution. 

Considering the conditions which were utilized for the photooxidation of nicotinamides, an 

average number of collisions between 1O2 and NADH can be estimated. In a 1 mM NADH 

solution, every NADH molecule occupies the space of a cube with an edge length of ca. 11.8 nm 

(1 mM = 1 mmol / 1 L = 6.022∙1020 NADH molecules / 1024 nm3 → 1660 nm3 ≈ (11.8 nm)3 per 

NADH molecule). Since the diagonal of a cube can be calculated by 30.5∙11.8 nm = 20.5 nm, it 

can be estimated that ca. 9 collisions between 1O2 and NADH may occur in H2O and ca. 45 

collisions between 1O2 and NADH may occur in D2O. Consequently, the chance for a successful 

one-electron oxidation reaction is higher in D2O compared to H2O. It should be further noted 

that the lifetimes  are only valid in pure H2O and pure D2O. In presence of additional 

quenchers, which induce EnT, CT and e-v deactivation or chemical deactivation (see 

Figure 5.51), the lifetimes can be significantly reduced. Consequently, the average diffusion 

length of 1O2 within a cellular environment has been estimated to be ≤ 70 nm.[208] Therefore, if 

a specific target such as the DNA is aimed to be destroyed by 1O2,[209,210] it has to be generated 

in very close proximity to the double strand. 

Besides serving as a strong oxidant (see Figure 5.50) which may lead to oxidation of amines 

and thioethers,[47] 1O2 is also able to undergo a variety of other chemical reactions with suitable 

substrates. These reactions are depicted in Figure 5.52. In view of its rich oxidation chemistry, 
1O2 is a very effective reactant in protein degradation.[211] 

By oversimplification, the electronic distribution of the 1g state of the dioxygen molecule can 

be qualitatively represented by two oppositely charged oxygen atoms (resonance form of the 

singlet closed shell structure). Therefore, it becomes obvious that 1O2 undergoes (in addition 

to the one-electron redox-chemistry discussed above) pericyclic reactions such as many other 

dipolar molecules. Hence, the ene reaction, [2+2] cycloadditions leading to the formation of 

dioxetanes as well as Diels-Alder like [4+2] cycloadditions in which 1O2 serves as the dienophile  
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Figure 5.52: Typical reactions of 1O2 with different unsaturated substrates. The electronic situation of 

the 1g state of the dioxygen molecule can be qualitatively represented by positively (red) and negatively 
charged (green) oxygen atoms of the reactive resonance structure of the 1g state (CA = cycloaddition). 

are common reaction pathways for singlet-oxygen with unsaturated reaction partners. Thus, 

such molecules are commonly used to trap 1O2 for an indirect proof of its formation via optical 

spectroscopy. Typically, substituted anthracenes[212,213] and substituted isobenzofurans[214] are 

used as dienes in these Diels-Alder like trapping reactions. 

Now, after discussing the physical and chemical properties of the 1O2 molecule, a more detailed 

analysis of the results obtained within the herein presented study [AM6] regarding the 

photocatalytic oxidation of nicotinamides will be given. 

As shown in Figure 5.53, three different water soluble Ru complexes were analyzed within 

study [AM6] with respect to their potential for photocatalytic nicotinamide oxidation. Of these, 

the homoleptic [Ru(tbbpy)3]Cl2 (Rutbbpy) and heteroleptic [(tbbpy)2Ru(phen)]Cl2 (Ruphen) 

complexes do possess significant 1O2 photosensitation capability as evident from the emission 

spectra depicted in Figure 5.54. Compared to oxygen-free conditions, Rutbbpy shows a drop 

in emission intensity of 28 % whereas for Ruphen the emission intensity is decreased by 48 % 

under air saturated aqueous conditions. Spectroscopic evidence that this air-induced reduction 

 

Figure 5.53: Molecular structures and acronyms of Ru complexes utilized within study [AM6] (top) and 
general reaction scheme of the investigated photocatalytic oxidation process (bottom). 
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Figure 5.54: Comparison of the emission spectra of Rutbbpy (diagram 1, c = 10 µM) and Ruphen 
(diagram 2, c = 10 µM) in water under an atmosphere of argon (black spectra) or under air (red spectra), 
respectively. Reproduced from ref.[204] via a CC BY-NC-ND 4.0 license. 

in emission intensity can be attributed to an EnT process yielding 1O2 is presented in 

Figure 5.55. For Rutbbpy and Ruphen 1O2 formation could be monitored in pure MeCN and a 

MeCN:H2O = 4:1 (v:v) mixture. As discussed above, the oxygen solubility is lowest in H2O and 

therefore optimized 1O2 formation monitoring is achieved by e.g. mixing water with a suitable 

co-solvent such as MeCN. Contrary, for [(tbbpy)2Ru(dppz)]Cl2 (Rudppz), which shows no 

luminescence in water, addition of 20 % H2O to the MeCN solution strongly reduces the 1O2 

formation capability with respect to the pure MeCN solution. 

This strong solvent dependency of Rudppz can be explained by the presence of two differently 

behaving 3MLCT states, both localized on the dppz ligand. As depicted in Figure 5.56, one 
3MLCT state with the excess electron density mainly localized on the phenanthroline subunit 

(3MLCTphen) and one phenazine based 3MLCT (3MLCTphz) can be differentiated.[215] Since the 
 

 

Figure 5.55: Photosensitized 1O2 emission spectra in pure MeCN (diagram 1) or MeCN:H2O (4:1, v:v, 
diagram 2) using Ruphen, Rutbbpy, Rudppz as well as [Ru(bpy)3](PF6)2 as reference. Excitation of the 
complexes was performed with  = 450 nm. Reproduced from ref.[204] via a CC BY-NC-ND 4.0 license. 
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central N-atoms of the phenazine are both[216] sensitive towards hydrogen bonding with the 

surrounding solvent which stabilizes the 3MLCTphz state, the photophysics of Rudppz are 

dominated by the 3MLCTphz state in water.[217] Contrary, equilibration between 3MLCTphen and 
3MLCTphz may occur if aprotic solvents such as MeCN are used, thus allowing the 3MLCTphen 

state to represent the key player of Rudppz photophysics.[215] Since the 3MLCTphen state strongly 

resembles the 3MLCT state of common [Ru(bpy)3]2+, typical Ru based emission (slightly above 

ca. 600 nm) can be observed in MeCN. However, for the structurally analog [(phen)2Ru(dppz)]2+ 

the 3MLCTphen state converts with a time constant of 3 ps into the 3MLCTphz state in water; the 

latter non-radiatively deactivates into the ground state within 250 ps.[217]. Therefore, only very 

weak emission centered at ca. 800 nm may be observed. Consequently, for [(phen)2Ru(dppz)]2+ 

the emission quantum yields in MeCN and H2O are 3.3 % and 2.5∙10-4 %, respectively.[216] 

Despite the fast non-radiative deactivation of dppz containing Ru complexes in water, only very 

small but different from zero 1O2 formation yields have been reported.[218] 

 

Figure 5.56: Left: Molecular structure of Rudppz with identification of phenanthroline (phen, green) and 
phenazine (phz, blue) subunits of the dppz ligand. Right: Generalized energy level diagram of dppz 
containing Ru polypyridine complexes. 

This strong difference in luminescence quantum yield by changing the solvent from aprotic to 

protic or vice versa has been exploited in utilizing dppz containing Ru complexes as molecular 

light-switches. These compounds possess the possibility to sense hydrophobic compartments 

such as the interior of DNA strands where dppz-mediated intercalation of these complexes 

between the stacks of nucleobases leads to a strong increase in emission intensity.[219] 

Nevertheless, the three Ru complexes shown in Figure 5.53 were investigated with respect to 

their capability to oxidize NADH in aqueous, air-equilibrated solutions. The compiled data is 

depicted in Figure 5.57. As discussed within the analysis of study [AM3], reduced nicotinamides 

can be monitored by their characteristic 340 nm absorbance, whereas the oxidized 

counterparts lack this band. Therefore, the photooxidation can be observed by a decreasing 

340 nm absorption band as well as by a decreasing NADH based emission band bearing a 

maximum at ca. 460 nm (see diagrams 3 and 4 of Figure 5.57). Interestingly, Rudppz proved to 

possess superior NADH photooxidation capability compared to Ruphen and Rutbbpy despite 

possessing the lowest 1O2 formation yield among these three complexes (see diagram 1). 

Exclusion experiments furthermore confirmed that in the absence of oxygen, light (LED-sticks 

with  = 465 nm were utilized for sample irradiation), or Ru complex no NADH oxidation did 

occur, as indicated by no change in spectroscopic signatures of the corresponding solutions. 
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Figure 5.57: Diagram 1: Photooxidation of NADH in H2O evaluated by UV-vis spectroscopy; diagram 2: 
TON – TOF plot of the NADH photooxidation using Rudppz in H2O; diagram 3: UV-vis spectroscopic 
changes during the photooxidation of NADH with Rudppz in H2O; diagram 4: Corresponding changes in 
the emission spectrum during the photooxidation of NADH with Rudppz in H2O; diagram 5: Effect of ROS 
quenchers on the NADH photooxidation rate using Rutbbpy as catalyst; diagram 6: Effect of 1O2 
quenchers on the NADH photooxidation rate using Rudppz as catalyst; diagram 7: Effect of solvent 
deuteration on the NADH photooxidation comparing the three utilized Ru complexes; diagram 8: 
TON – TOF plot of the NADH photooxidation in D2O using Ruphen.  

In order to provide a mechanistic rationale for the superior performance of Rudppz, various 

manipulations of the solvent composition and the corresponding photocatalytic outcome were 

investigated. As shown in diagrams 5-7 of Figure 5.57, NaN3
[207] and histidine,[220] serving as 

well-known CT- and chemical quencher of 1O2 (recap Figure 5.51) did strongly reduce the 

reaction rate for Rutbbpy but only marginally to mediocre for Rudppz. A rate increasing effect 
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upon deuteration of the solvent by exchanging H2O for D2O (recap Figure 5.49) was only 

observed for Rutbbpy and Ruphen but not for Rudppz (see diagram 7). As these combined 

results clearly provided solid experimental evidence for the involvement of 1O2 as decisive 

NADH oxidant, the reason for superior activity of Rudppz was not fully elucidated at this stage. 

However, after 1H-NMR spectroscopic verification of NAD+ being the major product of the 

photooxidation process which did not undergo any further reactions upon prolonged 

irradiation of the samples (see appendix C for the corresponding full text manuscript), 

additional 1H-NMR experiments were conducted in order to provide spectroscopic evidence 

for the following hypothesis: Rudppz shows superior photocatalytic activity over the much 

more efficient 1O2 generators Rutbbpy and Ruphen because NADH is supramolecularly 

preorganized at the hydrophobic dppz ligand. The hence strongly shortened diffusion length 

for 1O2 from its place of origin (i.e. the Ru polypyridine scaffold) to its place of (redox) reaction, 

thus does not allow the quenchers N3
- and histidine to interfere as efficiently into the oxidation 

reaction as for Ruphen and Rutbbpy. However, in addition to this hypothesis, also a direct 

photooxidation of preorganized NADH by photooexcited Rudppz rather than by 

photosensitized 1O2 may explain the observed effects. This direct redox reaction between 

Rudppz and NADH would also lead to the observation that only for Rudppz N3
- and histidine 

show no effect on the rate of nicotinamide oxidation. By using time resolved absorption 

spectroscopy, the correct mechanism was figured out (see below as well as appendix C for the 

corresponding full text manuscript). 

As shown in Figure 5.58 diagrams 1 and 2, addition of an equimolar amount of NADH to an 

aqueous solution of Rudppz induced significant 1H-NMR spectroscopic changes. Major effects 

were detected for the signals that were attributed to the terminal benzene ring of the dppz 

ligand and the signal of the axial tBu groups of the tbbpy ligands (compare Figure 5.5). Whereas 

the chemical shift of the dppz based signals is indicative of NADH performing some sort of -

stacking on the large, planar dppz ligand, the splitting of the axial tBu singlet into a doublet 

upon NADH addition confirms a long-range effect of the dppz based substrate preorganization 

towards the terminal tbbpy ligand. As similar 1H-NMR spectroscopic changes were observed 

when equimolar amounts of ADP were added to Rudppz (see diagrams 5 and 6 of Figure 5.58), 

the preorganization seems to be mediated by the adenine subunit since ADP is structurally 

equivalent to NADH except lacking the nicotinamide riboside moiety. 

Moreover, this specific aggregation as shown in Figure 5.58, is placing the nicotinamide moiety 

of NADH next to the Ru core of Rudppz, hence allowing either fast and efficient chemical 

reaction with photogenerated 1O2 or efficient direct photooxidation by excited Rudppz. Thus, 

under both scenarios either the small amounts of 1O2 generated by Rudppz or the small 

fraction of photoexcited Rudppz being long-lived enough to undergo direct redox reaction, are 

decisive to equip Rudppz with a superior reactivity compared to Rutbbpy and Ruphen in H2O. 

For the latter two complexes, many 1O2 molecules may reform ground state 3O2 before 

productive collisions with NADH occurred. However, as described above, the prolonged excited 

state lifetime of 1O2 in D2O turns the situation around; here the superior 1O2 generation by 

Rutbbpy and Ruphen outcompetes the less efficient 1O2 generation by Rudppz. Thus, as shown 
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in diagram 7 of Figure 5.57, Rutbbpy and Ruphen are more efficient photocatalysts for the 1O2-

mediated nicotinamide oxidation than Rudppz in D2O. 

Interestingly (see diagrams 3 and 4 in Figure 5.58), addition of NAD+ to an aqueous solution of 

Rudppz did not lead to any 1H-NMR spectroscopic changes. Consequently, the redox state of 

the nicotinamide subunit of the NAD+/NADH couple controls the supramolecular interactions 

between the complex and the cofactor. Very likely, the above discussed close spatial proximity 

of nicotinamide subunit and the Ru core may explain the observed effects. Upon oxidation, the 

nicotinamide moiety is positively charged and thus repulsive electrostatic interactions with the 

Ru2+ ion overcompensates the attractive -- or hydrophobic interactions between dppz ligand 

and the adenine subunit. Consequently, Rudppz may be considered as a nanometer sized 

photochemical molecular device being capable of substrate preorganization, substrate 

conversion and substrate ejection from the dppz binding sphere. A molecular picture of this 

enzyme-mimetic or machine-like behavior of Rudppz is presented in Figure 5.59. 

 

 

Figure 5.58: 1H-NMR spectroscopic shifts of a 4 mM Rudppz solution (bottom spectrum in every 
diagram) using D2O:d6-DMSO = 555:45 (v:v) as solvent upon addition of equimolar amounts of NADH 
(diagrams 1-2), NAD+ (diagrams 3-4) and ADP (diagrams 5-6). The filled black circles indicate signals that 
originate from NADH, NAD+ and ADP, respectively. The peaks marked with blue boxes represent signals 
that are assigned to the protons located at the terminal benzene ring of the dppz ligand. 
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Figure 5.59: Graphical representation of the individual steps of the NADH photooxidation process using 
Rudppz as catalyst, following the initial hypothesis of preorganization-induced shortening of the 1O2 
diffusion length. 

Following the above outlined analysis, every chemical 1O2 based oxidation process involving 

substrates not capable of binding to the dppz sphere should be much more efficiently oxidized 

by Rutbbpy and Ruphen compared to Rudppz since the advantage of exceptionally efficient 
1O2 capture is no longer available. After 1H-NMR analysis proved that histidine did not interact 

with Rudppz, it was used as suitable substrate for a 1O2 based oxidation process forming a cyclic 

peroxide via a [4+2] cycloaddition process (recap Figure 5.52).[220] The obtained results (see 

appendix C for the respective full text manuscript) were indeed confirming the previously 

discussed assumption. Only very slow histidine photooxidation was observed for Rudppz 

compared to Rutbbpy and Ruphen. This equips Rudppz with a further feature. In addition to 

substrate preorganization, locally defined substrate conversion and product ejection, Rudppz 

is able to select the “correct” substrate out of a mixture of different reactants based on 
supramolecular interactions with the substrate (i.e. attractive --interactions).  

In order to experimentally proof this selection capability of Rudppz by a meaningful 

experiment in which two substrates compete for the small amount of 1O2 generated by the 

complex, the similar absorption and emission profiles of the histidine/oxidized histidine and 

NAD+/NADH couples made it necessary to identify a second molecule which can be assembled 

to the dppz sphere similar to NADH but possessing distinctively different optical properties. 

Luckily, pre-experiments confirmed that ABDA (9,10-anthracenediyl-bis(methylene)dimalonic 

acid) did behave similar to NADH (see Figure 5.60). Moreover, the sharp absorption profiles at 

380 and 400 nm allowed to UV-vis spectroscopically discern histidine or ABDA oxidation. The 

similarity between ABDA and NADH photooxidation, also in presence of N3
- and histidine, for 

all three investigated complexes was furthermore used as an argument to claim that the results 

of the ABDA/histidine competition experiment also applies to an NADH/histidine competition 

experiment (note that the 1H-NMR spectroscopic investigation as shown in Figure 5.58 for 

NADH was not possible for ABDA due to the formation of significant amounts of precipitates 

under various experimental conditions).  
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Figure 5.60: Diagram 1: Kinetic traces of the decreasing 380 nm absorbance of ABDA during the photo-
driven endoperoxide formation using Rutbbpy, Rudppz and Ruphen in H2O and D2O. Diagram 2: UV-vis 
spectroscopic changes of ABDA (100 µM) in presence of 1 µM Rutbbpy in D2O. 

The results of the competition experiments for all three Ru complexes is depicted in 

Figure 5.61. Whereas for Rutbbpy and Ruphen a significant absorbance increases between 275 

and 350 nm is visible in presence of histidine which strongly slows down the ABDA 

photooxidation rate compared to the samples where histidine was left out of the solution 

(diagrams 1-2 and 3-4), no histidine effect on the ABDA endoperoxide formation was detected 

for Rudppz (diagrams 3 and 6). In addition, if ABDA-conversion corrected difference spectra 

were calculated (diagrams 6-10), it became obvious that, although Rudppz efficiently oxidized 

ABDA, only negligible formation of the photooxidized histidine was formed. Hence, Rudppz is 

indeed capable of selecting a “correct” substrate out of a complex reactant mixture to perform 
supramolecular chemistry assisted selective photooxidation chemistry. 

Next, the stoichiometry of the overall NADH photooxidation reaction was determined. 

Therefore, the amount of photo-consumed oxygen within these photocatalysis solutions was 

monitored utilizing a previously established setup for in-operando oxygen concentration 

determination.[221] The obtained data are depicted in Figure 5.62. Starting with 250 µM 

dissolved oxygen and 500 µM NADH yields, after all oxygen has been photochemically 

consumed by the Rudppz catalyzed nicotinamide oxidation process, a remaining amount of 

NADH of ca. 250 µM as evident from UV-vis and emission spectroscopy. Addition of the enzyme 

catalase finally regenerates ca. 50 % of the initially dissolved oxygen which agrees with the 

enzymatically catalyzed disproportionation of two molecules of H2O2 into one molecule of O2 

and two molecules of H2O. Thus, a 1:1 stoichiometry of O2 and NADH as well as H2O2 

representing the main oxygen reduction product can be formulated. In agreement with many 

literature reports (consider the corresponding references within the full text manuscript which 

can be found in appendix C), the mechanism of the photocatalytic nicotinamide oxidation can 

be formulated as depicted in Figure 5.63. After 1O2 formation, chemically productive collisions 

between 1O2 and NADH yield the superoxide radical anion O2
- and the NADH•+ radical cations 

as intermediates Whereas NADH•+ quickly loses its acidic proton in the 4-position, yielding 

reactive NAD• that very efficiently interacts with 3O2 generating a further superoxide radical  



152  Results and Discussion 

 

Figure 5.61: UV-vis spectroscopic changes (diagrams 1-6) of PBS-buffered aqueous solutions containing 
Ru complex (1 µM), ABDA (100 µM) and histidine (15 mM; only for diagrams 1-3) upon irradiation with 
one LED stick under air as well as ABDA-conversion corrected difference spectra (diagrams 7-10). 
Diagrams 1 and 4: Ruphen was used as catalyst; diagrams 2 and 5: Rutbbpy was used as catalyst; 
diagrams 3 and 6: Rudppz was used as catalyst; diagrams 7-9: Calculated difference spectra of the 
corresponding spectra in the two upper two rows; diagram 10: Comparison of the difference spectra 
after 30 min of irradiation depicted in diagrams 7-9. 

anion O2
- and NAD+, disproportionation of the two superoxide radical anions forms one 

molecule of H2O2 and regenerates one O2.  

 

Figure 5.62: Diagram 1: Course of O2-concentration during a typical NADH photooxidation experiment 
using a PBS buffered aqueous solution containing 500 µM NADH and 5 µM Rudppz under ambient 
conditions. Arrow a indicates the start of blue light irradiation of the solution which ends after ca. 20 min 
indicated by arrow b. Addition of catalase is marked by arrow c. Diagram 2: UV-vis (solid lines) and 
corresponding emission spectra (dotted lines) of the reaction mixture before irradiation (black curves, 
a) and after complete consumption of oxygen (gray curves, b).  



Results and Discussion   153 

 

Figure 5.63: Graphical representation of the hypothesized reaction mechanism. Substrates, reactive 
nicotinamide intermediates and products are highlighted in blue, red and green, respectively; pKa values 
were taken from literature.[135,222,223] 

However, for Rudppz the sum of all investigated effects could have also been observed if 

Rudppz would have directly photooxidized the preorganized NADH directly instead of following 

the 1O2 photosensitation mechanism (see also discussion above). To identify the correct 

mechanism, time-resolved spectroscopy was applied. It was found, that only in presence of air, 

signals that are attributed to radicals of NADH are detected over the whole measurement time. 

This was not the case for argon (see appendix C for the corresponding full text publication). 

Thus, instead of shortening the 1O2 diffusion length via preorganization, Rudppz is converted 

to hydrogenated RudppzH2 which is inactive for further NADH conversion but can be reoxidized 

to active Rudppz. A final mechanistic overview is provided in Figure 5.64). 

Finally, after clarification of the reaction mechanism by the help of time-resolved spectroscopy, 

interfering the Rudppz catalyzed nicotinamide oxidation with enzymatic conversion was 

intended. As 1O2 is known to effectively denature enzymes due to various oxidation processes 

with some amino acid side chains (e.g. histidine, tryptophan, methionine and cysteine),[211,224] 

 

Figure 5.64: Mechanistic description of the NADH photooxidation by Rutbbpy and Ruphen (A) as well as 
Rudppz (B). Reproduced from ref.[204] via a CC BY-NC-ND 4.0 license. 
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Figure 5.65: Reaction scheme of the investigated photobiocatalytic process. 

Rudppz was chosen due to its above discussed selective NAD(P)H photooxidation. However, 

pre-experiments revealed that also with Rudppz irradiation-induced particle precipitation did 

occur which inhibited further photo- or biocatalysis (i.e. the particles consisted of Ru complex 

as well as protein). This was ascribed to binding of Rudppz into hydrophobic pockets of the 

chosen malic dehydrogenase (EC 1.1.1.40) as addition of the enzyme to an aqueous solution of 

Rudppz lead to a switch-on of the Ru-based emission. Therefore, a discontinuous 

photobiocatalysis approach was developed where after initial Rudppz catalyzed NADP+ 

formation and subsequent enzyme addition to regenerate NADPH, the photo-induced particles 

were centrifuged off prior to another run characterized by initial NADPH photooxidation and 

successive enzyme addition. The overall photobiocatalytic process is depicted in Figure 5.65 

and the results of the discontinuous approach are shown in Figure 5.66. 

From the data shown in Figure 5.66 it is clearly visible that the nicotinamide cofactor based 

redox state of the bulk solution can be switched between an oxidized state using photocatalytic 

nicotinamide oxidation and a reduced state using NADPH regeneration by enzymatic oxidation 

of malate into oxaloacetate. The less pronounced switching between the two states after the 

second completed photobiocatalytic cycle can be attributed to continuing precipitate 

formation even after careful centrifugation. Consequently, further studies might focus on 

spatially separated systems using e.g. a two-chamber approach which prohibits 

photogenerated 1O2 to reach and degrade the enzyme. 

 

Figure 5.66: Kinetic analysis of the discontinuous photobiocatalytic process followed by UV-vis 
absorption (A) as well as emission spectroscopy (B). Blue arrows indicate the start of irradiation, whereas 
the black arrows indicate the addition of malic dehydrogenase after switching off the light source. Red 
arrows indicate the addition of fresh Rudppz after removal of the orange precipitates by centrifugation. 
Reproduced from ref.[204] via a CC BY-NC-ND 4.0 license. 
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In summary, study [AM6] revealed several important findings. First, a detailed spectroscopic 

analysis uncovered enzyme-mimetic or device-like behavior for Rudppz during the 

photooxidation of nicotinamides. The catalyst is capable of selecting the correct substrate out 

of a mixture of several reactants; furthermore, the substrate is preorganized and converted on 

the dppz sphere and Rudppz finally ejects, based on repulsive electrostatic interactions, the 

photoproduct from the active site regenerating a molecular vacancy for another reduced 

nicotinamide substrate entering the catalytic cycle. From two hypothetically possible 

mechanisms capable of producing the results of the photocatalytic experiments, time-resolved 

absorption spectroscopy allowed to identify the correct mechanism, i.e. photooxidation of 

NADH by the excited state of Rudppz rather than by 1O2 as for the reference complexes 

Rutbbpy and Ruphen. However, in the case of ABDA, the mechanism of a machine-like system 

with high efficiency based on small 1O2 diffusion lengths cannot be ruled out. In addition, the 

stoichiometry of the overall reaction has been determined using a combination of various 

spectroscopic methods. Finally, the selective NADPH photooxidation was coupled to an 

enzymatic process in a discontinuous fashion. The limitations of this process as well as possible 

solutions were discussed above.  

Possibly, by combining dppz mediated NADH preorganization and at the same time efficient 
1O2 generation in aqueous solution exploiting e.g. electron poor terminal ligands instead of the 

herein used tbbpy ones which relocate the MLCT state away from the solvent sensitive dppz 

towards the terminal ligands, very efficient Ru based photocatalysts may be available in the 

future.[225] Similarly, any Ru complex bearing at least one large planar ligand suitable for NADH 

preorganization could represent a good candidate for an effective photochemical molecular 

device, driving the photooxidation of naturally occurring nicotinamides.  

 

5.6 Coupling photochemical NADH production to a complex biochemical 

machinery: Photoredox catalytic ATP synthesis at inverted E. coli 

vesicles 

This chapter covers the results of the manuscript [AM7] which has been accepted in 2021 in 

the scientific journal Angewandte Chemie – International Edition (A. K. Mengele, D. Weixler, S. 

Amthor, B. J. Eikmanns, G. M. Seibold, S. Rau, Transforming Escherichia coli Proteomembranes 

into Artificial Chloroplasts Using Molecular Photocatalysis, Angew. Chem. Int. Ed. 2021, 

e202114842, doi.org/10.1002/anie.202114842.).[226] Individual author contributions are listed 

in the respective section of chapter 9.7. 

Resulting from the building block principle of the photobiocatalytic pyruvate reduction 

presented in study [AM3], i.e. photocatalytic NADH formation and enzymatic substrate 

conversion were principally independent from each other, a more complex biochemical 

reaction cascade following visible light-driven nicotinamide reduction was investigated in the 

herein presented manuscript [AM7]. In view of the ubiquitous participation of ATP in energy 

demanding enzymatic reactions, the NADH induced formation of ATP was investigated. As 

shown in Figure 1.5, during photosynthesis ATP is formed via visible light-induced formation of 
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a proton gradient over the thylakoid membrane. However, NAD(P)H formation does not 

represent a requirement for ATP formation within the chloroplasts since these two processes 

are structurally decoupled in photosynthetically active organisms. In contrast, ATP formation 

in heterotrophic organisms is strongly dependent on the presence of reduced nicotinamides.[18]  

The reason for the NADH dependence of ATP formation in heterotrophic organisms is 

graphically presented in Figure 5.67. Here, oxidative phosphorylation, the most important 

biochemical pathway for ATP synthesis in e.g. all animals, is shown. Similar to natural 

photosynthesis where the relevant biochemistry occurs in chloroplasts, also in animals ATP 

formation is performed in specialized cell compartments, the mitochondria.[18] The underlying 

chemistry of the oxidative phosphorylation is additionally closely resembling natural 

photosynthesis. ATP formation is driven by a proton gradient over a membrane and for 

establishing this pH difference, energy releasing redox reactions are coupled to 

transmembranal proton transfers. 

In detail, the sequence of events in connection with oxidative phosphorylation is shown in 

Figure 5.67 and can be described as follows: After enzymatic degradation of larger molecules, 

such as glucose or fatty acids, into smaller acetyl-CoA, the complete oxidation of this C2 moiety 

into two molecules of CO2 within one turnover of the citric acid cycle (CAC) generates four two-

electron reducing equivalents, namely three molecules of NADH and one molecule of FADH2 (a 

detailed representation of the CAC can be found in Figure 5.68). Both of these reduced 

cofactors are utilized by membrane bound complex I or complex II of mitochondrial respiration 

to generate reduced ubiquinones (QH2). However, only complex I, NADH dehydrogenase, is  
 

 

Figure 5.67: Graphical representation of the oxidative phosphorylation occurring at the inner 
mitochondrial membrane. Complex I  =  NADH dehydrogenase, complex II  =  succinate dehydrogenase, 
complex III  =  coenzyme Q  :  cytochrome c oxidoreductase, complex IV  =  cytochrome c oxidase, 
complex V = ATP synthase. Q = coenzyme Q = ubiquinone, QH2 = ubiquinol, Cytcox/red = cytochrome c in 
its oxidized or its reduced state, respectively; GTP = guanosine triphosphate. Solid arrows indicate 
chemical reactions whereas dashed arrows indicate diffusion processes. Of selected redox couples, blue 
species represent the corresponding reduced form and red species the corresponding oxidized form; 
based on ref.[18] 
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able to couple ubiquinone reduction to the direct transfer of four protons into the inter 

membrane space. Therefore, complex II, which is also called succinate dehydrogenase 

(compare Figure 5.68) does only contribute to the establishment of a proton gradient by 

providing additional reducing equivalents in the form of QH2 for subsequent redox reactions at 

complex III and IV which actively transport protons over the inner membrane. After diffusion 

of QH2 to membrane-integrated complex III, the oxidized form of iron containing cytochrome c 

(Cytcox) is converted to its corresponding reduced state (Cytcred).[18] At complex III, the 

biochemically same processes as in the cytochrome b6f complex, connecting PSII and PSI in the 

natural photosynthesis (see Figure 1.5), occur. Therefore, complex III successfully transfers 

protons from the mitochondrial matrix into the inter membrane space during ubiquinol 

oxidation by the Q-cycle.[18] Finally, the water soluble protein cytochrome c effects the 

reduction of oxygen to water at complex IV of the respiratory chain, which is also called 

cytochrome c oxidase. Besides the uptake of four protons by the dioxygen molecule during the 

formation of water, complex IV additionally contributes to the transmembranal proton 

gradient by actively pumping another four protons into the inter membrane space.  

As a result of the exergonic redox reaction between NADH/FADH2 and oxygen, catalyzed by the 

enzymes of the respiratory chain, a significant pH difference over the inner membrane is 

established. Similar to natural photosynthesis, the enzyme ATP synthase is capable of using 

this proton gradient for the mechano-rotatory synthesis of ATP.[18] As discussed above, since 

the electrons stored within NADH enter the redox cascade via proton-pumping NADH 

dehydrogenase and the electrons stored in FADH2 only via complex II, which does not provoke 

additional transmembranal proton transfers, the oxidation of NADH yields ca. 2.5 molecules of 

ATP in average whereas this value drops to ca. 1.5 for each molecule of FADH2.[18] 

Consequently, an efficient possibility to couple photocatalytic NADH formation with 

subsequent ATP formation as intended in study [AM7] would be represented by utilizing a 

biochemical machinery that exhibits the following prerequisites: Firstly, it should provide 

micro-compartments to allow proton accumulation and secondly it should at least contain 

several copies of NADH dehydrogenase and ATP synthase to couple the oxidative consumption 

of NADH to the above outlined mechano-chemical synthesis of ATP. Interestingly, such a 

functional biochemical machinery has been recently prepared by biologists at Ulm 

university.[227] They were able to invert E. coli bacteria under high pressure resulting in an 

inside-out conversion of all proteins present in the cell membrane. Consequently, ATP 

synthesis was possible by simple addition of NADH to buffer-suspended fully functional 

inverted E coli vesicles. Within study [AM7] we therefore investigated the possibility of a 

complex photobiocatalytic process characterized by simultaneous visible light-driven synthesis 

of NADH and ATP exploiting the concepts presented in study [AM3]. 

In order to minimize hydrophobic interactions between a heterodinuclear Ru-Rh photocatalyst 

and the inverted E. coli vesicles, the tBu groups of the previously utilized (see studies [AM2], 

[AM3], [AM4], and [AM5]) Ru-Rh complex were removed. In order to provide optimal solubility 

in water, all PF6
- counter anions were additionally replaced by chlorides. Therefore, 

[(bpy)2Ru(tpphz)Rh(Cp*)Cl]Cl3 (1), presented in Figure 5.69 along with the overall 

photobiocatalytic process, was utilized. As shown in this reaction scheme, the photobiocata-  
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Figure 5.68: Graphical representation of the individual steps of the citric acid cycle (CAC). Names of 
enzymes are given in red whereas the names of the involved molecules are highlighted in blue. HS-
CoA = free coenzyme A, GDP = guanosine diphosphate, GTP = guanosine triphosphate, FAD = oxidized 
flavin adenine dinucleotide, FADH2 = reduced flavin adenine dinucleotide; based on ref.[18] 

lytic process was not stopped at the stage of ATP. Instead, the latter was used to drive the 

hexokinase catalyzed phosphorylation of D-glucose yielding glucose-6-phosphate. Starting 

with above (see study [AM3]) outlined tests for photo-induced nicotinamide reduction in 

presence of TEOA or the corresponding photo-independent test using NaHCO2 as reductant 

(recap Figure 5.13), which both proved to be successful for [(bpy)2Ru(tpphz)Rh(Cp*)Cl]Cl3 (see 

appendix C and the corresponding full text manuscript), a basic characterization of the inverted 

E. coli vesicles was performed. In order to provide spectroscopic evidence for the activity of 

membrane bound NADH dehydrogenase and ATP synthase, acridine orange (AO) was utilized 

as molecular reporter of local proton gradients. The general (physico)chemical mechanism by 

which AO is able to sense the accumulation of protons inside vesicular architectures is shown  
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Figure 5.69: Schematic overview of the investigated photobiocatalytic system coupling visible light-
driven NADH formation to ATP and glucose-6-phosphate synthesis. Reproduced from ref.[226] via a           
CC BY-NC-ND 4.0 license. 

in Figure 5.70. At the start of the experiments, similar pH values may be found inside and 

outside of the vesicle. Considering that only the neutral, and not the protonated form of AO is 

able to passively diffuse through the membranes, initially there will be an equal distribution of 

AO inside and outside of the vesicle. Additionally, for AO there is a concentration dependence 

of the AO luminescence, since the monoprotonated species can form dimeric (or trimeric, 

oligomeric) assemblies which possess a lower emission intensity than the monomeric species 

due to a reduced absorbance of the aggregate at the chosen excitation wavelength 

(exc = 495 nm).[228] At low AO concentrations however, mostly monomeric AO is present in 

solution. If a substrate is added after equilibration of an AO/vesicle solution (resulting in a 

constant emission intensity at max = 530 nm) which leads to the accumulation of protons into 

the vesicle, many AO dyes will accumulate within the vesicles as well. Inside of these acidified 

vesicles, the AO dye will be highly concentrated, and a much higher percentage of AO 

compared to the start of the experiment will be protonated. Hence, AO follows the proton 

gradient, forming dimeric, less emissive assemblies. Consequently, proton transfer into 

vesicular architectures is spectroscopically indicated by a loss of emission intensity at 

530 nm.[228] As depicted in Figure 5.70, the pH gradient (and therefore also the accumulation 

of AO within the vesicles) can be destroyed adding protons to the exterior solution or utilizing 

the excess protons for ATP formation. As a result, addition of weak acids (NH4Cl) or ADP to a 

“proton-charged” vesicle will lead to an increase in AO emission intensity. 
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Figure 5.70: Working principle of acridine orange (AO) acting as molecular fluorescent sensor of local 
pH-gradients; based on ref.[228] 

Indeed, the utilized E. coli derived vesicles behaved as outlined above. As shown in Figure 5.71, 

both the addition of NADH and ATP leads to a decrease of AO-based emission resulting from 

substrate induced acidification of the inside of the vesicles. Since both, the ATP-driven vesicle 

acidification (left diagram) as well as utilization of the pH gradient by added ADP (right diagram) 

were observed, the ATP synthase was able to operate reversibly. In order to shift this 

equilibrium to the side of ATP synthesis during the photobiocatalytic process, ATP was further 

 

Figure 5.71: AO (1 µM) luminescence recorded at 530 nm in presence of 650 µg/mL of inverted E. coli 
vesicles. Left diagram: After equilibration of the solution, NADH, ATP, or buffer were added (first arrow); 
addition of NH4Cl is indicated by the second arrow. Right diagram: After equilibration of the solution, 
NADH was added to each solution; the second arrow indicates addition of ADP, buffer, or NH4Cl, 
respectively. Reproduced from ref.[226] via a CC BY-NC-ND 4.0 license. 
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utilized in the hexokinase catalyzed formation of glucose-6-phosphate (G6P, see Figure 5.69). 

After successful tests regarding the individual systems, i.e. photocatalytic NADH formation by 

the heterodinuclear complex, and ATP formation by NADH-“charged” vesicles, the subsequent 
consumption of photogenerated NADH by the E. coli vesicles was investigated next. Therefore, 

[(bpy)2Ru(tpphz)Rh(Cp*)Cl]Cl3 (1) was first used under typical buffer conditions to allow visible 

light-driven accumulation of NADH (one LED-stick with  = 465 nm, 45-50 mW/cm2 was used 

for irradiation). As shown in Figure 5.72, this was monitored by the characteristic NADH 

emission with max ≈ 460 nm. After addition of AO to this solution, emission intensity at 530 nm 

was recorded. Subsequently, if vesicles were added to this mixture, a much lower emission 

intensity increase was recorded for the solution which was enriched in NADH compared to the 

solution that did not contain reduced cofactors. It was therefore concluded, that in analogy to 

the emission intensity profiles shown in Figure 5.71, the reduced emission intensity increase 

for the sample, which was irradiated beforehand in presence of 1, is ascribed to the 

consumption of the accumulated, biologically active NADH by the vesicles. 

Finally, since also this step-wise photobiocatalytic approach proved to be successful, the 

simultaneous NADH and ATP formation was investigated. As described above, the reversibility 

of the ATP synthase made it necessary to capture photobiocatalytically generated ATP via 

hexokinase catalyzed G6P formation. As shown in Figure 5.73, the concentration of G6P 

accumulated during irradiation of the solution was determined utilizing a two-step enzymatic 

process. After high-temperature-workup of the aliquots drawn from the irradiated solutions to 

denature all enzymes present in the solution, first diaphorase along with (3-(4-Iodophenyl)-2-

(4-nitrophenyl)-5-phenyl-2H-tetrazol-3-ium chloride (INT) were added. Diaphorase catalyzed 

the reductive ring-opening reaction of the cationic tetrazole derivative into the pinkish 

formazan form (abs,max = 492 nm). If NADH, not consumed by the vesicles during irradiation, 

was still present in the solution, the addition of diaphorase lead to a certain absorbance value 

at 492 nm (E1). Next, glucose-6-phosphate dehydrogenase was added to oxidize G6P into 6- 
 

 

Figure 5.72: Emission of AO at 530 nm in presence of an independently irradiated photocatalysis mixture 
with subsequent addition of vesicles (indicated by the black triangle). The photocatalysis mixture was 
irradiated for 2 h in the typical photobiocatalysis buffer (50 mM 1,3-bis(tris(hydroxymethyl) 
methylamino)propane (BTP), 140 mM choline chloride, 5 mM MgCl2, 5 mM Na3PO4, 0.2 M TEOA, pH 8.0, 
1 mM NAD+, 25 µM 1 or 0 µM 1 (“blank”); the emission resulting from photogenerated NADH 
(max ≈ 460 nm) after these 2 h of irradiation is shown additionally by the inset). Reproduced from ref.[226] 
via a CC BY-NC-ND 4.0 license. 
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Figure 5.73: Reaction scheme for the enzymatic evaluation of photochemically generated G6P, which 
also represents the concentration of photochemically generated ATP. The orange circles indicate the 
respective enzymes. Reproduced from ref.[226] via a CC BY-NC-ND 4.0 license. 

phospho--lactone accompanied by the reduction of NADP+ to NADPH. The latter was then 

directly utilized by diaphorase, hence giving additional formazan absorbance (E2). 

Consequently, (E2-E1) was utilized as a spectroscopic measure to determine the G6P 

concentration which also represented the concentration of photochemically generated ATP 

(due to the highly irreversible nature of D-glucose phosphorylation by ATP).[229] 

The results of photochemically generated ATP (or G6P) are represented in Figure 5.74. As can  

 

Figure 5.74: Left: Course of photobiocatalytic ATP synthesis using the full system. Right: Comparison of 
the outcome of photobiocatalytic ATP formation if certain components of the process were excluded 
(the presence of a component is indicated by a “+” sign, the absence by a “-“ sign). Reproduced from 
ref.[226] via a CC BY-NC-ND 4.0 license. 
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be seen there, photobiocatalytic ATP and G6P synthesis starts after a 30 min lasting induction 

period which was ascribed to the visible light-driven accumulation of a sufficiently high amount 

of NADH. By using 5 µM of photocatalyst 1, on average 19.5 ± 3 µM ATP (or G6P) were 

synthesized. With respect to ATP (or G6P), 1 exhibited a TON of 4 after irradiating the solution 

for 90 min with one LED-stick ( = 465 nm, 45-50 mW/cm2). In addition, if [Ru(bpy)3]Cl2 (4) was 

utilized as Ru reference chromophore no ATP was detected. However, choosing 

[(bpy)2Ru(tpphz)]Cl2 as a molecular model of heterodinuclear complex 1 (see Figure 5.75 for 

the molecular structure), significant amounts of ATP (even in absence of NAD+) were detected. 

As [(bpy)2Ru(dppz)]Cl2 is well-known to dip into lipid-bilayers,[230,231] we sought to investigate a 

similar supramolecular interaction between 3 and the inverted E. coli vesicles. This was 

performed exploiting the above discussed light-switch effect (see Figure 5.56) of these  
 

 

Figure 5.75: Molecular structures and acronyms of the utilized Ru chromophores. The top row shows 
positively charged Ru complexes whereas the bottom row shows the phosphonic acid modified analogs. 
As the latter become deprotonated under the utilized conditions (pH 8.0), the complexes will be 
negatively charged. Reproduced from ref.[226] via a CC BY-NC-ND 4.0 license. 

 

Figure 5.76: Emission spectroscopic changes of complexes 3 (left diagram) and 5 (right diagram) (both 
10 µM and dissolved in the typical photobiocatalysis buffer, see above) upon addition of increasing 
amounts of vesicles (650 µg/mL). Reproduced from ref.[226] via a CC BY-NC-ND 4.0 license. 
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Ru complexes. As shown in Figure 5.76 (left diagram), the addition of vesicles to a 10 µM 

buffered solution of compound 3 strongly increases the emission intensity of the Ru complex 

(ca. 11-fold). Interestingly, if the corresponding phosphonic acid derivative of 3, 

[(bpyP)2Ru(tpphz)]Br2 (5) was analyzed under the same conditions (see right diagram in 

Figure 5.76), only minor changes were visible (emission intensity increase by a factor of ca. 2). 

It was therefore concluded that the efficiency of supramolecular interactions between the Ru 

complexes and the vesicles can be tuned by the overall charge of the coordination compounds. 

Due to the negatively charged membrane of the inverted E. coli vesicles,[232,233] cationic 3 

interacted more efficiently with the vesicles than anionic 5.  

Moreover, the strong luminescence intensity increase indicated, that in agreement with 

literature on the corresponding dppz-based systems,[230,231] the large, hydrophobic, and 

phenazine subunit containing tpphz ligand indeed dipped into the hydrophobic interior of the 

E. coli membrane. Consequently, a possible molecular picture of the photocatalytic ATP 

production with complex 3 may be the following: Since the membrane integrated tpphz ligand 

also bears the excess electron density of the energetically lowest 3MLCT state (see Figure 5.56), 

photochemical reduction of relevant components of the respiratory chain (see Figure 5.67) 

may induce ATP synthesis. 

Following this hypothesis, a proton gradient would have to be detected, if complex 3 is 

irradiated in presence of inverted E. coli vesicles. Pleasingly, this effect could be detected, if AO 

was present within the solution from the beginning of the experiment. However, as AO is 

intrinsically photolabile, the irradiation time was limited to a maximum of 15 min. 

Nevertheless, as depicted in Figure 5.77, irradiation of inverted E. coli vesicles in presence of 

Ru complexes 1, 3, or 5 and 5 µM AO did reveal the formation of a proton gradient only in the 

case of cationic, mononuclear 3. This is indicated by an increasing emission intensity at 530 nm 

upon addition of NH4Cl which destroys the established proton gradient. The negative proton 

gradient result for the corresponding anionic analog 5, along with the results of 

photobiocatalysis experiments revealing no ATP synthesis for this compound, fortifies the 

above outlined molecular mechanism for photocatalytic ATP formation by cationic 3. Only by 

supramolecular  interaction  with  the  vesicles, mononuclear  Ru complexes  lacking  the  RhCp* 

catalyst subunit are able to induce photocatalytic ATP formation. Moreover, as also in the case 

of dinuclear complex 1 no proton gradient was established, complex 1 induces ATP synthesis 

solely by the NADH-dependent pathway outlined in Figure 5.69. Further control experiments 

revealed, that neither in the absence of any Ru complex nor in presence of photocatalyst 3 but 

storing the sample in the dark, any proton gradient was established (see appendix C and the 

corresponding full text manuscript). Hence, mononuclear, cationic complex 3 is able to induce 

photocatalytic ATP synthesis by an NADH-independent pathway. 

However, to exclude an unknown detrimental effect of the terminal phosphonic acid groups 

on the photochemistry of the corresponding Ru complexes, thus making mononuclear complex 

5 photochemically inactive per se, heterodinuclear [(bpyP)2Ru(tpphz)Rh(Cp*)Br]Br3 (2) was 

synthesized. Similar to its cationic counterpart 1, typical photo-induced ATP synthesis yielded 

20 ± 2 µM ATP (or G6P) if 5 µM 2 were added to the solution. Thus, for the anionic complexes 

a very clear picture is obtained, i.e. only with the heterodinuclear compound equipped with  
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Figure 5.77: Evaluation of AO luminescence, detected at 530 nm, after irradiating the samples for 10 min 
with one LED-stick (see above). In all cases, a solution containing 650 µg/mL (total protein concentration) 
of inverted E. coli vesicles, 5 µM AO, 50 mM BTP, 140 mM choline chloride, 5 mM MgCl2, 5 mM PO4

3- 
and 0.2 M TEOA with pH 8.0 was used. Addition of NH4Cl is indicated by the black arrow. A: The above 
described buffer solution additionally containing 20 µM of Ru complex 5 was irradiated for 10 min, then 
analyzed by luminescence spectroscopy. B: The above described buffer solution additionally containing 
20 µM of Ru complex 1 was irradiated for 10 min, then analyzed by luminescence spectroscopy. C: The 
above described buffer solution additionally containing 20 µM of Ru complex 3 was irradiated for 
10 min, then analyzed by luminescence spectroscopy. D: The diagram compares the relative 
luminescence intensities (normalized to the emission intensity prior to NH4Cl addition) prior to (gray 
bars) and after addition of NH4Cl (hatched bars) for the given Ru complexes. Reproduced from ref.[226] 
via a CC BY-NC-ND 4.0 license. 

the RhCp* center, capable of regioselective nicotinamide reduction, ATP is successfully formed. 

In addition to the light-switch effect measurements upon vesicle addition, the interaction 

between the different Ru complexes and the inverted E. coli vesicles was monitored by a 1MLCT 

absorbance band loss following a one hour lasting incubation. As shown in Figure 5.78, a very 

pronounced reduction of the Ru complexes upon centrifugation was observed for the cationic 

complexes 1 and 3. Contrary, less effective interactions between the anionic complexes 2 and 

5 and the vesicles were recorded. However, the smallest effect was observed for the 

homoleptic, cationic complex 4 which might be attributed to its lack large of lipophilic groups. 

Therefore, the different modes of interaction between the mononuclear Ru complexes 3 

(cationic) or 5 (anionic) and the E. coli vesicles, deduced from a combination of 

photobiocatalytic experiments, light-switch measurements, and photo-induced proton 

gradient formation is additionally fortified by this simple centrifugation experiment. In 

addition, since almost no complex 4 was removed from the incubated solution upon 

centrifugation, overall lipophilicity of the Ru complexes seemed to represent a more dominant 
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factor for the supramolecular interaction with the inverted E. coli vesicles than the overall 

charge of these complexes. However, the comparison between the structurally analog 

complexes 1 and 2 (heterodinuclear) as well as 3 and 5 (mononuclear) clearly highlights also 

the effect of overall charge on the association between Ru complexes and inverted E. coli 

vesicles. 

Finally, it should be noted that also by using higher concentrations of heterodinuclear 

photocatalysts, the yield of ATP was limited to ca. 20 µM. As photo-independent experiments 

proved, that even with a large excess of commercial NADH the synthesized amount of ATP was 

not strongly outperforming the amount of photocatalytically generated ATP (see the 

corresponding full text manuscript in appendix C), the overall system was rather limited by the 

biological as by the photochemical processes. 

In summary, the main results from study [AM7] were the following: Using heterodinuclear 

Ru(tpphz)RhCp* based photocatalyst 1 and 2, visible light-induced ATP synthesis was possible 

by a strictly NADH-dependent process, shown in Figure 5.69. In addition, for mononuclear 

[(bpy)2Ru(tpphz)]2+ (3), a different pathway for photocatalytic ATP synthesis was found, i.e. by 

supramolecular chemistry assisted, NADH-independent visible light-driven proton gradient 

formation. Moreover, by controlling the overall charge of the complexes based on ligand 

design, interactions between Ru complexes and inverted E. coli vesicles could be tuned. 
 

 

Figure 5.78: Evaluation of complex-vesicle interactions by comparing ground state UV-vis absorption 
spectra of the respective complexes prior and after a 1 h long incubation at room temperature in the 
typically utilized photobiocatalysis buffer (see above). Reproduced from ref.[226] via a CC BY-NC-ND 4.0 
license. 

 

5.7 Propylene-bridged biimidazoles as next-generation spectator ligands 

in ruthenium based photocatalysts 

This chapter covers the results of the manuscript [AM8], published in 2020 in the scientific 

journal Inorganic Chemistry (A. K. Mengele, C. Müller, D. Nauroozi, S. Kupfer, B. Dietzek, S. Rau, 

Molecular Scylla and Charybdis ― Maneuvering between pH-sensitivity and excited state 

localization in ruthenium bi(benz)imidazole complexes, Inorg. Chem. 2020, 59, 12097–
12110).[234] Individual author contributions are listed in the respective section of chapter 9.8. 
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Natural photosynthesis achieves the formation of a reactive charge separated state with close 

to 100 % quantum efficiency.[235] In order to reach such an efficiency with molecular catalysts, 

several points have to be addressed. As graphically shown in Figure 5.79, typical Ru 

polypyridine based oligonuclear photocatalysts contain on the Ru side, in addition to the 

important bridging ligand, two terminal ligands. However, as exemplified for 

[(tbbpy)2Ru(tpphz)PdCl2](PF6)2, the energetic similarity between the tbbpy ligands and the 

phenanthroline (phen) sphere of the tpphz bridge leads to the visible light-induced formation 

of 1MLCT states which are initially either localized on the tbbpy ligands (1MLCTtbbpy) or on the 

phen sphere of the tpphz ligand (1MLCTtpphz).[143] In an ideal scenario, the subsequent ligand-to-

ligand charge transfer (LLCT) from the tbbpy to the tpphz sphere would occur with unit 

efficiency. However, wavelength-selective hydrogen evolution experiments indicated, that this 

is not the case.[236] It was observed, that the quantum efficiency for hydrogen evolution was 

higher, if photoexcitation of the compound was performed on the red-sided flank of the MLCT 

absorption band. This was rationalized by a pronounced population of 1MLCTtpphz states. In fact, 

only by exciting [(tbbpy)2Ru(tpphz)]2+ based dinuclear complexes in the red-sided flank of the 

MLCT band, 1MLCTtpphz states can selectively be obtained.[173,237] Thus, irradiation of the 

photocatalysts by photons of shorter wavelengths opens loss channels due to incomplete LLCT 

processes. Recently, this effect has been resolved for a similar Ru-Pd dyad.[238] It was reported, 

that upon formation of 1MLCT states localized on the terminal bpy ligands, LLCT onto the 

bridging ligand is only possible from a vibrationally hot 3MLCT state, but not from the relaxed 

one. Thus, the excited state is trapped on vibrationally relaxed 3MLCT states on the terminal 

ligands. Instead of reductively activating the Pd center, it decays back to the ground state. 

Although experimentally not proven, a similar mechanism could be under operation for 

[(tbbpy)2Ru(tpphz)PdCl2](PF6)2 (see Figure 5.79, right scheme). 

However, although for [(tbbpy)2Ru(tpphz)PdCl2](PF6)2 the best quantum yield for hydrogen 

evolution was found by performing irradiation at the red-sided flank of the MLCT absorption 

band, the quantitatively largest amount of H2 was still evolved by excitation of the sample close 

to the MLCT band maximum.[236] It is thus of high importance to tune the photocatalytic activity 

of such heterodinuclear complexes by identifying suitable spectator ligands not taking up the 

excess electron density upon visible light-induced 1MLCT state formation. By doing so, loss 

channels due to incomplete LLCT processes might be prohibited and the full potential of the 

visible-light absorbance of the bridging ligand might be exploited. 

 

Figure 5.79: Left: Graphical representation of electron transfers in [(tbbpy)2Ru(tpphz)PdCl2]2+ needed for 
hydrogen evolution. Right: Corresponding state diagram, based on refs.[143,237,238] The LLCT process from 
the tbbpy to the tpphz ligand is indicated by dashed blue arrows.  
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Bibenzimidazoles (bbim) were already identified to provide such spectator ligand features 

irrespective of their protonation state.[239,240] However, deprotonation under basic conditions 

leads to strongly reduced excited state lifetimes, thus rendering them not suitable for 

applications in photoredox catalysis.[240] Therefore, N,N-alkylation of these bbim was 

investigated but the results were disappointing. Upon introduction of an C2-bridge between 

the two non-coordinated bbim N-atoms, complete loss of emission intensity as well as 

participation in visible light-induced 1MLCT formation was observed.[241] 

Nevertheless, within study [AM8] Ru polypyridine complexes bearing N,N-alkylated bbim and 

N,N-alkylated biimidazole (bim) ligands were re-investigated. Based on structural and 

energetic parameters, propylene bridged bim (prbim) could be identified as pH-insensitive 

spectator ligand. An overview of the investigated molecules is presented in Figure 5.80. 

By analyzing the obtained solid-state structures of the five ligands depicted in Figure 5.81, a 

very important structural parameter was deduced. Short ethylene bridges lead to an increasing 

distance between the two free, later Ru-coordinated N-atoms and the longer propylene group 

did lead to a compression of these two N-atoms compared to free bbim. Since recent reports 

on Ru complexes containing non-alkylated bbim ligands could show, that upon coordination 

the bbim ligand was bent towards the Ru center,[242] the propylene bridged systems might 

structurally represent more suitable ligands than their ethylene bridged analogs since they 

possess better fitting for subsequent coordination. As shown in Figure 5.82, further flexibility  

 

Figure 5.80: Molecular structures and acronyms of previously[241] (left column) and within the context of 
study [AM8] investigated compounds (right column). N,N-alkylated ligands are shown in the upper part 
of the scheme whereas the corresponding [(tbbpy)2Ru]-based complexes are shown below. Reproduced 
from ref.[234] with permission from the American Chemical Society. 
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Figure 5.81: Solid-state structures of five N,N´-alkylated ligands etbim, dmbbim, prbim, etbbim and 
prbbim (from top left to bottom right). The thermal ellipsoids are drawn at the 50 % probability level 
and hydrogen atoms as well as co-crystallized solvent molecules were omitted for clarity. Reproduced 
from ref.[234] with permission from the American Chemical Society. 

is observed for prbim as coordination lead to an additional bending of the ligand towards the 

Ru core. Nevertheless, despite representing different N,N-coordination pockets, all 

synthesized Ru complexes exhibited qualitatively similar ground state UV-vis absorption 

spectra. However, as shown in Figure 5.83, only for Ruprbim no 1MLCT formation on the N,N- 

alkylated b(b)im ligand was predicted using visible light as irradiation source. Indeed, these 

results obtained by quantum chemical calculations could experimentally be verified using 

resonance Raman (rR) spectroscopy. Similar to the results of previously investigated systems 

(see left column in Figure 5.80),[241] all R2bbim containing Ru complexes, irrespective of the 
 

 

Figure 5.82: Left: Solid-state structure of Ruprbim (thermal ellipsoids are drawn at the 50 % probability 
level; H-atoms, PF6

- counterions and co-crystallized solvent molecules were omitted for clarity); right: 
comparison of prbim bound to the Ru core (colored) and free prbim (gray faded) indicating the slight 
bending of the ligand scaffold towards the metal center upon coordination. Reproduced from ref.[234] 
with permission from the American Chemical Society. 
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Figure 5.83: Left: Experimental and simulated (black lines) absorption spectra of Ruprtmbbim (A), 
Ruprbbim (B), Ruprbim (C), Ruetbbim (D) and Rudmbbim (E). Electronic character of excitations 
contributing to the absorption in the visible region is indicated by charge density differences; charge 
transfer takes place from red to blue. Right: Comparison between normalized UV-vis spectra (solid line) 
and the corresponding normalized excitation spectra (dotted line; recorded at maximum emission 
intensity) of Ruprtmbbim (blue, A), Ruprbbim (dark red, B), Ruprbim (red, C), Ruetbbim (yellow, D) and 
Rudmbbim (green, E) and emission spectra of those five ruthenium complexes, which were recorded 
upon excitation in the MLCT maximum. The corresponding excitation wavelengths and obtained 
emission maxima are highlighted in the graphs. All spectra were recorded in degassed MeCN under an 
atmosphere of argon (c = 10 µM). Reproduced from ref.[234] with permission from the American 
Chemical Society. 

nature of the alkylation group, did accommodate the 1MLCT state. These findings were 

additionally rationalized by i) the results of cyclovoltametric investigations and ii) the energetic 

positioning of the involved atomic orbitals (AOs). The electrochemical measurements only 

identified for Ruprbim a very negative third reduction (associated with prbim) after the two 

tbbpy ligands were reduced. For all R2bbim containing Ru complexes, a reduction chemistry 

very similar to the homoleptic reference complex [Ru(tbbpy)3](PF6)2 was observed.[241] Thus, no 

wavelength-selectivity of the excited state localization as for Ruprbim (the 1MLCT localized on 

the prbim moiety was calculated to occur only upon excitation with  = 359 nm) could be 

observed for all other Ru-complexes. 
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Figure 5.84: Respective energies of the ruthenium atom (in blue), the R2b(b)im ligand (in red) and of the 
bpy ligands (in black) within the fully relaxed singlet ground state structure of the five Ru complexes. 
The abbreviation bim stands for bim as well as bbim ligands. Reproduced from ref.[234] with permission 
from the American Chemical Society. 

The results of the electrochemical investigations and the rR spectroscopy were backed up by 

the positioning of the AOs shown in Figure 5.84. Whereas all R2bbim containing Ru complexes 

exhibit very similar energies of the *bpy and *bim AOs, only for Ruprbim the *bim AO is very 

different from the energetically lower lying *bpy AOs. Thus, visible light excitation of these Ru 

complexes leads to a mixture of 1MLCT states distributed over tbbpy as well as R2bbim ligands 

for all [(tbbpy)2Ru(R2bbim)]2+ complexes or a selective 1MLCT state formation on the tbbpy 

ligands for [(tbbpy)2Ru(prbim)]2+. 

Moreover, and contrary to the non-alkylated [(tbbpy)2Ru(bbim)](PF6)2 complex, addition of 

base to all herein investigated [(tbbpy)2Ru(R2b(b)im)](PF6)2 complexes did not lead to any 

ground state UV-vis spectroscopic changes. As Ruprbim also proved to roughly be as 

photostable as the homoleptic reference complex [Ru(tbbpy)3](PF6)2, prbim was identified as 

suitable pH-independent spectator ligand.  

Further results of study [AM8] were the following: For Rudmbbim and Ruetbbim, very low 

photostabilities and excited state lifetimes (≤ 0.2 ns) along with very small emission quantum 

yields (ca. 0.09 %) were observed. Compared to Ruetbbim, extension of the N,N-alkylation 

bridge by one methylene unit giving Ruprbbim, did lead to an almost 30-fold increase in the 

emission quantum yield (2.6 %) as well as a much higher excited state lifetime (93.0 ns). Thus, 

the structure and rigidity/flexibility of the N,N-alkylated ligand, dictating the interaction 

efficiency with the Ru center, is strongly influencing the photophysical properties of the 

corresponding Ru complexes.  
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Figure 5.85: Graphical classification of [(tbbpy)2Ru((R2)b(b)im)] complexes resulting from the presence 
or alterations in the N,N´-alkylation pattern and the reduced size of the -system. 

Thus, by reinvestigating this class of compounds it was possible to rationalize previous findings 

on similar Ru complexes.[241] The authors utilized ethylene bridges to protect their bbim ligands. 

Both aspects proved to be detrimental en route to identify a suitable spectator ligand. 

Irrespective of the N,N-alkylation pattern, bbim based systems did not only lead to 1MLCT state 

localization on the R2bbim ligand, but also induces the rigid ethylene bridge short-lived excited 

states which are associated with rather low emission quantum yields. 

As shown Figure 5.85 which can be considered as road map for suitable b(b)im based spectator 

ligands, so far only prbim was identified to fulfill all relevant criteria including the support of 

suitably long-lived excited states, non-reducibility of the b(b)im ligand, as well as pH-

independence. Hence, the results of study [AM8] indicate that by synthesizing heterodinuclear 

photocatalysts and exchanging the typically utilized (tb)bpy ligands for prbim, these new 

systems could potentially overcome the limitations of so far investigated complexes suffering 

from possibly incomplete LLCT processes (recap Figure 5.79). 
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6 Conclusion and Outlook 

Within this thesis, seven projects ([AM2] – [AM8]), all connected by the basic photochemistry 

and photophysics of Ru polypyridine complexes, were presented. In addition, in five of these 

projects, the many-sided chemistry of [(bpy)Rh(Cp*)Cl]+ based catalysts was exploited for 

different catalytic applications. Only in two projects ([AM6] and [AM8]), the photochemistry 

and photophysics of already known or completely new mononuclear Ru polypyridine 

complexes was investigated.  

By utilizing established knowledge on the interplay of excited states of Ru polypyridine 

complexes with other molecules such as 3O2 (study [AM6]) or reduction catalysts (e.g. studies 

[AM3] and [AM7]), three different processes for the photocatalytic formation of three (or five 

if NAD and NADP are differentiated) highly relevant biological cofactors were developed. As 

shown in Figure 6.1, NAD(P)+, NAD(P)H as well as ATP were photocatalytically generated. By 

coupling the photochemical cofactor production processes to enzymatic reactions, all three 

cofactors proved to be biologically active. NADP+ could be consumed by malate 

dehydrogenase, NADH by lactate dehydrogenase as well as by the NADH dehydrogenase of 

inverted E. coli vesicles, and ATP could be used by hexokinase to phosphorylate D-glucose. 

Beyond these three cofactor production processes highlighted in Figure 6.1, four other studies 

dealt with either photocatalytic processes, reducing protons to dihydrogen (study [AM2]) and 

provoking the regioselective 4,7-deuteration of 1,10-phenanthrolines (study [AM5]) or 

analyzing photophysical properties of an intermediate for artificial photosynthesis (study 

[AM4]) and new N,N-alkylated [(tbbpy)2Ru(R2b(b)im)](PF6)2 complexes (study [AM8]). These 

projects are graphically summarized in Figure 6.2. 

 

Figure 6.1: Graphical representation of proposed molecular arrangements between [(tbbpy)2Ru(dppz)]2+ 
and NAD(P)H (left, study [AM6]) and [(R2bpy)2Ru(tpphz)Rh(Cp*H)]3+ and NAD(P)+ (right, studies [AM3] 
and [AM7]), leading to the photocatalytic production of NAD(P)+ and NAD(P)H, respectively 
(intermolecular interactions are indicated by dashed blue bonds). Enzymatic (E) consumption of the 
photocatalytically generated nicotinamide cofactors is highlighted in green color. Oxidative metabolism 
of NADH by inverted E. coli vesicles further allowed the photocatalytic production of ATP (study [AM7]). 
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Figure 6.2: Graphical representation of further results from this thesis. Top: under oxygen-free 
conditions and in presence of tertiary amines, [(tbbpy)2Ru(tpphz)Rh(Cp*)Cl]Cl(PF6)2 was used for the 
photocatalytic reduction of protons to H2 (study [AM2]), the reduction of nicotinamide cofactors (study 
[AM3]), and the regioselective deuteration of 1,10-phenanthrolines (study [AM5]). Moreover, the two-
fold reduced complex [(tbbpy)2Ru(tpphz)Rh(Cp*)]2+ was analyzed with respect to its photophysics 
(bottom left, the sequence of processes follows alphabetical order, study [AM4]) and prbbim was 
identified as suitable spectator ligand for Ru polypyridine chromophores (bottom right, study [AM8]). 

A more detailed point by point analysis of the main outcomes of each study along with possible 

outlooks is presented in the following. 

Within study [AM2], a new heterodinuclear photocatalyst was synthesized, structurally 

characterized, and analyzed with respect to basic photophysics and electrochemistry. 

[(tbbpy)2Ru(tpphz)Rh(Cp*)Cl]Cl(PF6)2 exhibited concentration-dependent stacking behavior 

forming asymmetric aggregates. Moreover, in presence of TEA, small amounts of H2 were 

produced over a relatively long reaction time. However, as later publications indicated that the 

presence of TEA does not allow for efficient hydrogen evolution,[116] future optimization of this 

heterodinuclear complex with respect to visible light-driven hydrogen evolution can possibly 

be achieved by operating the photocatalysis at much lower pH values.[148] 

Building on the promising features of the above described new heterodinuclear complex, i.e. 

suitable electrochemistry for intramolecular electron transfers and efficient luminescence 

quenching of the Ru polypyridine subunit, study [AM3] reveled that these properties can be 

effectively utilized for the regioselective reduction of oxidized nicotinamides. The overall 

dinuclear architecture was hence imitating PSI whereas the RhCp* center represented the 

molecular analog of FNR. For [(tbbpy)2Ru(tpphz)Rh(Cp*)Cl]Cl(PF6)2, coupling the visible light-
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driven NADH formation to lactate dehydrogenase (LDH) catalyzed pyruvate reduction, a TON 

of 350 for photocatalytic lactate formation was obtained. In addition, since NAD+ was utilized 

in lower amounts than pyruvate, an internal NAD+/NADH recycling process was established. 

Mechanistic investigation pointed out two very important design parameters for Ru 

polypyridine complex catalyzed nicotinamide reductions. In order to minimize detrimental 

NAD2 dimer formations by photoreduction of NAD+, long-lived excited states and formation of 

photo-reduced Ru chromophores need to be prohibited. None of these species were formed 

by [(tbbpy)2Ru(tpphz)Rh(Cp*)Cl]Cl(PF6)2. Additionally, to prohibit NAD2 formation by 

photochemical oxidation of NADH, the latter has to be very efficiently consumed using quickly 

operating enzymes. As long as these kinetic requirements are fulfilled and no inactivating 

interactions between photocatalysts and enzymes are observed, efficient photobiocatalysis 

utilizing NADH as “reduction equivalent shuttle” can be performed. A possible optimization of 
these processes might be to run the photocatalytic nicotinamide reductions at elevated 

temperatures to speed up the hydride transfer[160] from the [Rh(Cp*H)]-sphere[117] to the 

oxidized nicotinamides and therefore to increase the overall photobiocatalytic processes.  

Intrigued by the favorable redox chemistry of [(tbbpy)2Ru(tpphz)Rh(Cp*)Cl]Cl(PF6)2, i.e. the 

RhCp* center is easier to reduce than the tpphz bridging ligand, the photophysics of a long-

lived intermediate in a photocatalytic cycle of artificial photosynthesis could be investigated 

within study [AM4]. Contrary to the non-reduced heterodinuclear complex, which exhibited 

very similar photophysics regarding the intramolecular transfer of the first electron onto the 

catalytic center compared to structurally analog species,[130,131,143] the selectively two-fold 

reduced [(tbbpy)2Ru(tpphz)Rh(Cp*)]2+ boasted unique properties. Upon excitation of the Ru 

polypyridine subunit, transient absorption spectroscopy revealed a fast photooxidation of the 

reductively activated [RhI(Cp*)] moiety. The subsequent relaxation cascade regenerating the 

starting state was interpreted in terms of following the otherwise difficult to detect “second 
electron”. Interestingly, compared to the first electron, this second electron needs a much 

longer time to reach the Rh center although exhibiting a higher thermodynamic driving force 

for the final LMCT process. This finding was rationalized by -backbonding of the [RhIICp*] 

fragment into the tpphz bridging ligand,[114,115] thus highlighting the complexity of intertwined 

molecular process on both ends of the dinuclear architecture and their effect on electron 

transfer kinetics. Nevertheless, since in agreement with literature the disproportionation of 

the photogenerated RhII centers proved to be slow,[149] the most likely pathway to access the 

catalytically active RhI center by light is a sequence of two intramolecular electron transfers 

followed by regeneration of the RuII center using a suitable sacrificial reductant. As the ultrafast 

photooxidation of the catalytically competent RhI center could be also viewed as photo-

induced discharging of an active catalyst, it was hypothesized that under conditions where the 

[RhICp*] moiety dominated the acid base chemistry of the two-fold reduced Rh center, a 

photoinhibition of catalytic turnover might be observable. In fact, this photo-inhibitory effect 

could be experimentally verified using the artificial nicotinamide BNA+ as substrate for 

reduction. Based on this experiment it could be shown for the first, that a RhII ion surrounded 

by one N,N-chelating ligand as well as one Cp* ligand is incapable taking part in reductive 

catalysis. Thus, and especially when using oligonuclear complexes, photo-driven nicotinamide 
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reductions using [(bpy)Rh(Cp*)X]+ based catalysts (X = Cl, H2O, OH etc.) should always occur 

under sufficiently acidic conditions to exclude this photo-inhibitory effect. 

Within study [AM5], reductively activated [(tbbpy)2Ru(tpphz)Rh(Cp*)Cl]Cl(PF6)2 was utilized as 

photocatalyst for the regioselective 4,7-deuteration of seven different 1,10-phenanthroline 

derivatives. Mechanistic investigations could show, that the process is induced by a photo-

reduction induced loss of the two-fold reduced [RhICp*] moiety from the tpphz sphere in 

presence of an excess of suitable 1,10-phenanthroline (phen) substrates. Without oxidative 

deterioration, it was proposed that the [RhICp*] moiety traveled from one substrate to 

another, inducing regioselective H/D exchanges with the acidic deuterons of the solution. 

Consequently, the photocatalytic process could be split into two processes, i.e. photo-

dependent catalyst activation followed by photo-independent catalytic turnover. Moreover, 

regioselective deuterations were also possible in a purely thermal process using sodium 

formate as reductant. Regarding the scope of the substrates, only those phen derivatives 

bearing a sterically accessible N,N-coordination sphere for the labile [RhICp*] moiety proved 

to undergo regioselective deuterations at the 4,7-positions. In addition, for the investigated 

brominated species (5-bromo-1,10-phenanthroline and 5,6-dibromo-1,10-phenanthroline), 

deuterodebromination was observed. Hence, by using the presented deuteration protocol, 

possibly a multitude of deuteration patterns could be achieved, dictated by the position of the 

bromo substituents on suitable substrates. However, so far there is no detailed knowledge 

about why phen proved to be an appropriate substrate and e.g. bpy not. It is therefore rather 

difficult to predict which other molecules (except those bearing phen subunits such as e.g. 

dppz) might be selectively deuterated in the future utilizing this photocatalytic deuteration 

process. 

Based on solid biophysical literature addressing the oxidation chemistry of naturally occurring 

nicotinamide cofactors, within study [AM6] three different mononuclear Ru polypyridine 

complexes were utilized to photocatalytically produce NAD+ and NADP+ using photo-generated 
1O2. For the simple complexes [Ru(tbbpy)3]Cl2 and [(tbbpy)2Ru(phen)]Cl2 no unusual behavior 

was observed, i.e. photocatalytic nicotinamide oxidation followed the expected trends (e.g. 

photocatalysis was accelerated in deuterated solvents, reduction of photocatalytic activity by 
1O2 quenchers was very pronounced). Contrary, [(tbbpy)2Ru(dppz)]Cl2 did not follow these 

anticipations. In fact, although exhibiting very low 1O2 formation in water,[218] 

[(tbbpy)2Ru(dppz)]Cl2 surpassed the above mentioned Ru complexes in terms of photocatalytic 

activity in H2O. Mechanistic investigations clarified this unusual high activity by --stacking 

between reduced nicotinamides and the dppz ligand thus arranging NADH for efficient reaction 

with the low amounts of 1O2. As the oxidized counterpart (NAD+) did not interact with 

[(tbbpy)2Ru(dppz)]Cl2, this complex proved to behave like a photochemical molecular device. 

Upon substrate preorganization and photocatalytic processing, the selectively generated NAD+ 

is released from the catalytically active dppz site. Additionally, photogenerated NAD+ proved 

to be bioactive in the malate dehydrogenase catalyzed oxidation of L-malate into oxaloacetate. 

However, continuous photobiocatalysis was not possible. This was ascribed to the 1O2 based 

denaturation of the enzyme forming inactive precipitates. Thus, photobiocatalysis could only 

be performed in a discontinuous manner. Consequently, a simple and effective way to optimize 

such processes would be to macroscopically separate Ru complexes and enzymes. This may be 
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done by fabricating a two-chamber reactor, filling one of them with (probably immobilized) Ru 

complex and the other one with the enzyme. Suitable membranes have to allow the diffusion 

of small nicotinamides while Ru complexes and enzymes have to be hold back.  

Besides the successfully implemented photocatalytic processes for NAD(P)H and NAD(P)+ 

formation, within study [AM7] a photobiocatalytic process was investigated, designed to 

simultaneously synthesize NADH and biologically highly relevant ATP. By combining 

photocatalytic NADH production with heterodinuclear Ru(tpphz)RhCp* catalysts and tailor-

made inverted E. coli vesicles bearing inside-out oriented complexes of the respiratory 

chain,[227] ca. 20 µM of ATP were photobiocatalytically synthesized and subsequently used by 

hexokinase to phosphorylate D-glucose. Moreover, supramolecular interactions between the 

cationic [(bpy)2Ru(tpphz)]Cl2 and the negatively charged vesicles allowed an NADH-

independent photo-acidification of the vesicle´s interior leading to ATP synthesis as well. 

However, this pathway was not under operation for the structurally analogous, but negatively 

charged [(bpyP)2Ru(tpphz)]Cl2. This fact highlights that in such complex systems even the 

smallest modifications can have large impacts on the mechanism of product formation. Since 

within the overall process rather the biological than the photocatalytic part represented the 

limiting factor for ATP synthesis, optimized vesicular architectures could improve the overall 

cofactor yield. Moreover, the finding that also mononuclear Ru complexes are able to photo-

biocatalytically produce ATP, provided suitable supramolecular interactions between the 

chromophore and the inverted E. coli vesicles exist, other photocatalysts bearing hydrophobic 

ligands which host the excess electron density needed for reductive activation of the 

respiratory chain could be investigated. Finally, since NADH and ATP were synthesized in 

parallel by the system composed of heterodinuclear photocatalysts and E. coli vesicles, 

enzymatic reaction sequences utilizing both photo-generated cofactors might unleash the full 

potential of this photobiocatalytic process. For example, if the enzymes of the photosynthetic 

dark reaction would be added, fully compatible artificial chloroplasts could be obtained.[243] 

Intrigued by a recent report on the wavelength selectivity of photocatalytic hydrogen evolution 

by heterodinuclear [(tbbpy)2Ru(tpphz)PdCl2](PF6)2,[236] which indicated unknown loss processes 

during relaxation of the initially formed excited states, within study [AM8] the identification of 

a pH-insensitive spectator ligand allowing unidirectional electron transfers along molecular 

coordinates was intended. By rationalizing previous findings on the photophysics of Ru 

polypyridine complexes bearing N,N-alkylated bibenzimidazole ligands,[241] molecular design 

parameters were established that revealed flexible propylene-bridged biimidazole (prbbim) as 

suitable spectator ligand. Due to its energetically high-lying * orbitals, 1MLCT formation does 

not involve the prbbim sphere. Therefore, optimized heterodinuclear photocatalysts, 

operating via unidirectional charging of the catalytic center, might be obtained by replacing 

the commonly used (tb)bpy ligands for prbbim. 

Starting from the basic photophysical and photochemical properties of Ru polypyridine 

complexes specified in the introductory part of this thesis (see chapter 2), various 

photocatalytic processes were established and optimized (see Figure 6.1 and Figure 6.2). 

Additionally, detailed photophysical investigations of catalytically active intermediates or N,N-

alkylated bi(benz)imidazole containing Ru complexes revealed very important insights into 
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processes limiting photocatalysis and possible optimization strategies for future oligonuclear 

photocatalysts. 
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7 List of abbreviations 

In the following, a complete list of abbreviations used in the abstract as well as in chapters 1-6 

will be presented. No abbreviations of the full text publications included in chapter 3 and 

appendix C are explicitly listed here.  

 

ADP   adenosine diphosphate 

AO   atomic orbital, acridine orange 

ATP   adenosine triphosphate 

BIH   1,3-dimethyl-2-phenylbenzimidazoline 

BNA+   1-benzyl-3-carbamoylpyridin-1-ium 

BNAH   1-benzyl-1,4-dihydropyridine-3-carboxamide 

bpy   2,2´-bipyridine 

bpyP   ([2,2'-bipyridine]-4,4'-diylbis(methylene))bis(phosphonic acid) 

bpz   2,2´-bipyrazine 

BTP   1,3-bis(tris(hydroxymethyl)methylamino)propane 

CAC   citric acid cycle 

cod   1,5-cyclooctadiene 

Cp   cyclopentadienyl 

Cp*   pentamethylcyclopentadienyl 

Cys   cysteine 

dcebpy   4,4´-dicarboxyethyl-2,2´-bipyridine 

dF-CF3ppy  2-(2,4-difluorophenyl)-5-trifluoromethylpyridine 

dppz   dipyridophenazine 

e-   electron 

EDG   electron donating group 

EnT   energy transfer 

eq.   equivalents / equation 

ESA   excited-state absorption 

eT   electron transfer 

eV   electron volt 

EWG   electron withdrawing group 

FAD   flavin adenine dinucleotide 

Fc   ferrocene 

FC   Franck-Condon 
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Fd   ferredoxin 

FNR   ferredoxin:NADP+-oxidoreductase 

Glu   glutamic acid 

GDP   guanosine diphosphate 

GSB   ground state bleach 

GTP   guanosine triphosphate 

h+   electron hole 

HOMO   highest occupied molecular orbital 

IC   internal conversion 

ILCT   intra-ligand charge transfer 

INT (3-(4-Iodophenyl)-2-(4-nitrophenyl)-5-phenyl-2H-tetrazol-3-ium 

chloride 

IR infrared 

ISC   intersystem crossing 

LC   ligand centered 

LLCT   ligand-to-ligand charge transfer 

LMCT   ligand-to-metal charge transfer 

LUMO   lowest unoccupied molecular orbital 

MC   metal centered 

MeCN   acetonitrile 

MECP   minimum energy crossing point 

MLCT   metal-to-ligand charge transfer 

MMCT   metal-to-metal charge transfer 

MO   molecular orbital 

NAD+   nicotinamide adenine dinucleotide (oxidized form) 

NADH   nicotinamide adenine dinucleotide (reduced form) 

NADP+   nicotinamide adenine dinucleotide phosphate (oxidized form) 

NADPH   nicotinamide adenine dinucleotide phosphate (reduced form) 

NHE   normal hydrogen electrode 

OEC   oxygen evolving complex 

TEA   triethylamine 

TEOA   triethanolamine 

TOF   turnover frequency 

TON   turnover number 

OEC   oxygen evolving complex 
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Pc   plastocyanin 

PCET   proton-coupled electron transfer 

PES   potential energy surface 

phen   1,10-phenanthroline 

Pheo   pheophytin 

ppy   2-phenylpyridine 

PQ   plastoquinone 

PQH2   plastoquinol 

PSI   photosystem I 

PSII   photosystem II 

RuBisCo  ribulose-1,5-bisphosphate carboxylase/oxygenase 

Ser   serine 

TBAPF   tetrabutylammonium hexafluorophosphate 

tbbpy   4,4´-tert-butyl-2,2´-bipyridine 

tBu   tert-butyl 

tpphz   tetrapyridophenazine 

Tyr   tyrosine 

UV   ultraviolet 

vis   visible 

VR   vibrational relaxation 
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9 Publications 

Parts of this thesis were already published in scientific journals. Reprints of the full text 

publications of this thesis can be found in the respective chapters (i.e., article [AM1] can be 

found in chapter 3, all other manuscripts in appendix C). Where necessary, the reprints were 

made with permission of the respective journals. In the following chapters the title, journal, 

author list (†indicating that two or more authors contributed equally to the manuscript; 

*indicating the corresponding author(s)), permission by the publisher, bibliography, a short 

description of the individual contributions as well as the corresponding abstract is given. 

 

9.1 Product Selectivity in Homogeneous Artificial Photosynthesis Using 

[(bpy)Rh(Cp*)X]n+-Based Catalysts – [AM1] 

Authors: Alexander K. Mengele, Sven Rau* 

Published in: Inorganics 

Bibliography: Inorganics 2017, 5, 35. DOI: 10.3390/inorganics5020035 

License: This article is licensed under a Creative Commons Attribution 4.0 International (CC BY 

4.0; https://creativecommons.org/licenses/by/4.0/). Reprinted from ref.[126] Published by 

“MDPI”, Basel, Switzerland. 

Author contributions:  

A. Mengele:   Literature research, writing and revision of the manuscript 

S. Rau:   Paper discussion and revision 

 

Abstract: Due to the limited amount of fossil energy carriers, the storage of solar energy in 

chemical bonds using artificial photosynthesis has been under intensive investigation within 
the last decades. As the understanding of the underlying working principle of these complex 

systems continuously grows, more focus will be placed on a catalyst design for highly selective 

product formation. Recent reports have shown that multifunctional photocatalysts can 

operate with high chemoselectivity, forming different catalysis products under appropriate 

reaction conditions. Within this context [(bpy)Rh(Cp*)X]n+-based catalysts are highly relevant 

examples for a detailed understanding of product selectivity in artificial photosynthesis since 

the identification of a number of possible reaction intermediates has already been achieved. 
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9.2 Generation of a stable supramolecular hydrogen evolving 

photocatalyst by alteration of the catalytic center – [AM2] 

Authors: Alexander K. Mengele, Simon Kaufhold, Carsten Streb, Sven Rau* 

Published in: Dalton Transactions 

Bibliography: Dalton Trans. 2016, 45, 6612-6618. DOI: 10.1039/C6DT00130K 

License: © 2016 the author. According to the Publisher “The Royal Society of Chemistry”, no 

reprint permission (document) is required if a self-composed article is reused in a doctoral 

thesis. Reprinted from ref.[137] with permission from The Royal Society of Chemistry. 

Author contributions:  

A. Mengele:  Synthesis and characterization of all compounds, electrochemical and 

photocatalytic investigations, writing and revision of the manuscript 

S. Kaufhold: Assistance in electrochemical experiments, paper discussion and 

revision 

C. Streb:  Paper discussion and revision 

S. Rau:   Concept and results discussion, paper discussion and revision 

 

Abstract: A new dyad consisting of a RuII chromophore, a tetrapyridophenazine bridging ligand 

and a Rh(Cp*)Cl catalytic center, [Ru(tbbpy)2(tpphz)Rh(Cp*)Cl]Cl(PF6)2, acts as durable 

photocatalyst for hydrogen production from water. Catalytic activity is observed for more than 

650 hours. Electrochemical investigations reveal that up to two electrons can be transferred to 

the catalytic center by a thermodynamically favorable intramolecular process, which has so far 

not been reported for similar tpphz based supramolecular photocatalysts. Additionally, 

mercury poisoning tests indicate that the new dyad works as a homogeneous photocatalyst. 
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9.3 Coupling Molecular Photocatalysis to Enzymatic Conversion – [AM3] 

Authors: Alexander K. Mengele, Gerd M. Seibold, Bernhard J. Eikmanns, Sven Rau* 

Published in: ChemCatChem 

Bibliography: ChemCatChem 2017, 9, 4369-4376. DOI: 10.1002/cctc.201701232 

License: © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, reprinted from ref.[158] with 

the permission of the publisher John Wiley & Sons. 

Author contributions:  

A. Mengele:  Performance of phot(bio)catalytic experiments, writing and revision of 

the manuscript 

G. Seibold: Provision of biological media and material for photobiocatalytic 

experiments, HPLC-analysis of reaction mixtures, concept and results 

discussion, paper discussion and revision 

B. Eikmanns:  Concept and results discussion, paper discussion and revision 

S. Rau:   Concept and results discussion, paper discussion and revision 

 

Abstract: A hetero-binuclear dyad that contains a ruthenium polypyridyl moiety bound through 

an aromatic bridging ligand to an organometallic catalytic center has been used for the light-

driven reduction of the N-benzyl-3-carbamoylpyridinium cation, NAD+ , and NADP+ to yield the 

two-electron-reduced analog. Direct coupling with enzymatic conversion was proved by using 

UV/Vis spectroscopy and liquid chromatography, which showed cofactor-recycling and 

enzymatic conversion with a turnover number of 350 per photocatalyst. First insights into the 

complex behavior of the catalytic system under irradiation point towards multiple 

prerequisites on the molecular as well as on the macroscopic level to generate highly efficient 

semiartificial photo-biocatalytic systems for future energy-storage applications. 
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9.4 Unraveling the Light-Activated Reaction Mechanism in a Catalytically 

Competent Key Intermediate of a Multifunctional Molecular Catalyst 

for Artificial Photosynthesis – [AM4] 

Authors: Linda Zedler†, Alexander K. Mengele†, Karl Michael Ziems, Ying Zhang, Maria Wächtler, 

Stefanie Gräfe, Torbjörn Pascher, Sven Rau,* Stephan Kupfer,* Benjamin Dietzek* 

Published in: Angewandte Chemie, Angewandte Chemie – International Edition 

Bibliography: Angew. Chem. 2019, 131, 13274-13282. DOI: 10.1002/ange.201907247  

           Angew. Chem. – Int. Ed. 2019, 58, 13140-13148. DOI: 10.1002/anie.201907247 

License: This article is licensed under a Creative Commons Attribution 4.0 NonCommercial-

NoDerivatives 4.0 International (CC BY-NC-ND 4.0; https://creativecommons.org/licenses/by-

nc-nd/4.0/). Reprinted from ref.[109] Published by John Wiley & Sons. 

Author contributions:  

L. Zedler: Performance of all (spectro)electrochemical and photophysical 

measurements, writing and revision of the manuscript 

A. Mengele:  Performance of (photo)chemical reduction and photocatalysis 

experiments, writing and revision of the manuscript 

K. Ziems: Performance and evaluation of the DFT and TDDFT simulations, 

discussion of DFT and TDDFT results 

Y. Zhang: Performance of UV/vis (spectro)electrochemical measurements, 

paper discussion and revision 

M. Wächtler: Paper discussion and revision 

S. Gräfe: Paper discussion and revision 

T. Pascher: Development of electronics and control software for TA-SEC, paper 

discussion and revision 

S. Rau: Concept and results discussion, paper discussion and revision 

S. Kupfer: Concept and results discussion, paper discussion and revision 

B. Dietzek: Concept and results discussion, paper discussion and revision 

 

Abstract: Understanding photodriven multielectron reaction pathways requires the 

identification and spectroscopic characterization of intermediates and their excited‐state 
dynamics, which is very challenging due to their short lifetimes. To the best of our knowledge, 

the manuscript reports for the first time on in‐situ spectroelectrochemistry as an alternative 
approach to study the excited‐state properties of reactive intermediates of photocatalytic 
cycles. UV‐vis, resonance Raman and transient absorption spectroscopy have been employed 
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to characterize the catalytically competent intermediate [(tbbpy)2RuII(tpphz)RhICp*] of 

[(tbbpy)2Ru(tpphz)Rh(Cp*)Cl]Cl(PF6)2 (Ru(tpphz)RhCp*), a photocatalyst for hydrogenation of 

nicotinamide (NAD‐analogue) and proton reduction, generated by electrochemical and 

chemical reduction. Electronic transitions shifting electron density from the activated catalytic 

center to the bridging tpphz ligand significantly reduce the catalytic activity upon VIS 

irradiation.  
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9.5 The Metallic Traveler: Formate- and Photoinduced Regioselective 

Phenanthroline Deuterations via Reductively Activated RhCp* 

Centers – [AM5] 

Authors: Alexander K. Mengele, Sven Rau* 

Published in: Organometallics 

Bibliography: Organometallics 2020, 39, 2739-2748. DOI: 10.1021/acs.organomet.0c00341 

License: Reprinted with permission from ref.[198] published in Organometallics, a Journal from 

ACS Publications (doi.org/10.1021/acs.organomet.0c00341). Copyright 2020 American 
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Author contributions:  
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of the manuscript 
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Abstract: A simple protocol for the regioselective 4,7-deuteration of various 1,10-

phenanthrolines using Rh(III)Cp* catalysts is reported. Initiation of the H/D exchange by 

reductive activation of the Rh(III)Cp* complexes was feasible via two different pathways, either 

by choosing a purely thermal route using sodium formate as the reducing agent or by applying 

a photo-redox process utilizing ruthenium polypyridyl complexes as visible light absorbers in 

presence of triethylamine serving as electron donor. Here, progressing deuteration was also 

observed in the post-irradiation period, subdividing the over-all reaction into a light-dependent 

activation process of the Rh(III)Cp* catalyst and multiple light-independent H/D exchange 

events on the substrate. Using the supramolecular photocatalyst 

[(tbbpy)2Ru(tpphz)Rh(Cp*)Cl]Cl(PF6)2 (RuRhCp*; tbbpy = 4,4´-tert-butyl-2,2´-bipyridine; 

tpphz = tetrapyridophenazine; Cp* = pentamethylcyclopentadienyl) resulted in an efficient 

possibility to initiate a regioselective deuteration process by two orthogonal stimuli, i.e. 

temperature or light, using the same catalyst. Besides exhibiting this dual activity, RuRhCp* 

additionally served as optical probe allowing an in operando analysis of the initial steps in the 

catalytic cycle. Useful analytical indicators could be read out via UV-vis and emission 

spectroscopy. Further mechanistic investigations using variably methylated 1,10-

phenanthroline derivatives supported the hypothesis that the utilized Rh(III)Cp* catalysts 

acted as molecularly defined sources of RhCp* moieties and reversible coordination sphere 

changes commenced the regioselective deuteration of suitable 1,10-phenanthroline 

derivatives. Finally, deuterodehalogenation occurred in the case of brominated substrates, 

enabling access to regioselectively di-, tri- and tetradeuterated 1,10-phenanthrolines. 
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9.6 Switching the mechanism of NADH Photooxidation by Supramolecular 

Interactions – [AM6] 

Authors: Alexander K. Mengele, Dominik Weixler, Avinash Chettri, Maite Maurer, Fabian L. 

Huber, Gerd M. Seibold, Benjamin Dietzek, Bernhard J. Eikmanns, Sven Rau* 

Published in: Chemistry – A European Journal 

Bibliography: Chem. – A Eur. J. 2021, 27, 16840-16845. DOI: 10.1002/chem.202103029 

License: This article is licensed under a Creative Commons Attribution 4.0 NonCommercial-
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G. Seibold: Paper discussion and revision 
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Abstract: Regeneration of expensive cofactors is of utmost importance in order to perform 

enzymatic transformations at reasonable costs. Herein we describe a simple approach for the 

photocatalytic oxidation of reduced nicotinamide adenine dinucleotides (NAD(P)H) to NAD(P)+. 

Upon irradiation of prototype RuII polypyridyl chromophores in water under ambient 

conditions using visible light ( = 465 nm), nicotinamides were oxidized with initial turnover 

frequencies of up to 1000 h-1. Mechanistic investigations clearly indicated that 

photochemically generated 1O2 represents the key oxidant initiating the selective conversion 

of NAD(P)H to NAD(P)+. The surprisingly high photocatalytic activity of [(tbbpy)2Ru(dppz)]Cl2 

(Rudppz) in water could be explained based on an adenine mediated preorganization of NADH 

onto the planar dppz ligand. 1H-NMR spectroscopic measurements further indicated that 

Rudppz can be considered as a molecular production line operating via supramolecular 
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(photo)chemistry; the necessary molecular prerequisites for fundamental device-like 

operations such as assembling and converting the substrate as well as ejecting the product 

from the dppz binding sphere are encoded in the chemical structure of Rudppz. In H2O, Rudppz 

hence outcompetes other strongly luminescent tris-bipyridine like ruthenium complexes in the 

photocatalytic nicotinamide oxidation. 
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Chloroplasts Using Molecular Photocatalysis – [AM7] 
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revision 
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Abstract: During the light-dependent reaction of photosynthesis green plants couple 

photoinduced cascades of redox reactions with transmembrane proton translocations to 

generate reducing equivalents and chemical energy in the form of NADPH (nicotinamide 

adenine dinucleotide phosphate) and ATP (adenosine triphosphate), respectively. We mimic 

these basic processes by combining molecular ruthenium polypyridine-based photocatalysts 

and inverted vesicles derived from Escherichia coli. Upon irradiation with visible light, the 

interplay of photocatalytic nicotinamide reduction and enzymatic membrane-located 

respiration leads to the simultaneous formation of two biologically active cofactors, NADH 

(nicotinamide adenine dinucleotide) and ATP, respectively. This inorganic-biologic hybrid 

system thus emulates the cofactor delivering function of an active chloroplast.  
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Abstract: Bi(benz)imidazoles (b(b)im) acting as N,N-chelates in ruthenium complexes 

represent a unique class of ligands. They do not harbor MLCT excited states in Ru polypyridyl 

complexes upon visible light excitation provided that no substitution is introduced at the N-

atoms. Hence, they can be used to steer light-driven electron transfer pathways into a desired 

direction. Nonetheless, the free N-atoms are susceptible to protonation and hence introduce 

highly pH-dependent properties into the complexes. Previous results for ruthenium complexes 

containing R2bbim ligands with alkylic or arylic N,N´-substitution indicated that although pH 

insensitivity was accomplished unexpected loss of spectator ligand features incurred 

simultaneously. Here, we report the synthesis and photophysical characterization of a series 

of differently N,N´-alkylated b(b)im ligands along with their corresponding 

[(tbbpy)2Ru(R2b(b)im)](PF6)2 complexes (tbbpy = 4,4´-tert-butyl-2,2´-bipyridine). The data 

reveal that elongation of a rigid ethylene bridge by just one methylene group drastically 

increases the emission quantum yield, emission lifetime and photostability of the resultant 

complexes. Quantum chemical calculations support these findings and allow us to rationalize 

the observed effects based on the energetic positions of the respective excited states. We 
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suggest that N,N´-propylene protected 1H,1´H-2,2´-biimidazole (prbim) is a suitable spectator 

ligand as it stabilizes sufficiently long-lived MLCT excited states exclusively localized at auxiliar 

bipyridine ligands. This ligand represents therefore a vital building block for next generation 

photochemical molecular devices in artificial photosynthesis. 
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A  Mathematical appendix 

 

Calculation of photons emitted from the human body: 

Assuming a body surface temperature of T = 35 °C (308 K),[244] the maximum of the human IR 

emission curve can be calculated using Wien´s displacement law:[245]  

  𝜆𝑚𝑎𝑥[𝑛𝑚] = 2.8978∙106∙𝑛𝑚∙𝐾𝑇[𝐾]  (eq. A.01) 

For the assumed temperature, max = 9350 nm. Considering further the Stefan Boltzmann 

law[245] 

  𝑀 = 𝑃𝐴 = 𝜎 ∙ 𝑇4 (eq. A.02) 

with P representing the photonic power and A standing for the human body surface area 

(assuming 2.00 m2 for a person with a weight of 80 kg and a height of 180 cm)[246] as well as the 

Stefan-Boltzmann constant ,  = 5.67∙10-8 W∙m-2∙K-4. Considering, that the photonic power 

can be expressed by  

  𝑃 = 𝐸𝑃𝑡  (eq. A.03) 

where EP represents the energy of all emitted photons and t the respective time (t = 1 s is 

assumed as the photon emission per second is aimed to be calculated). Introducing  

 𝐸𝑃 = 𝑁 ∙ 𝐸𝑝ℎ𝑜𝑡𝑜𝑛  (eq. A.04) 

where N stands for the number of photons and Ephoton represent the energy of one individual 

photon as well as  

 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 = ℎ∙𝑐𝜆𝑚𝑎𝑥  (eq. A.05) 

since the problem is simplified by the assumption that only photons of max = 9350 nm are 

emitted by the human body (h ≈ 6.626∙10-34 Js, Planck constant; c ≈ 299.79∙106 m s-1, the speed 

of light in vacuum). Therefore, the following equations can be derived: 

  𝑃 = 𝑁∙𝐸𝑝ℎ𝑜𝑡𝑜𝑛𝑡 = 𝐴 ∙ 𝜎 ∙ 𝑇4 (eq. A.06) 

  𝑁 = 𝑡 ∙ 𝐴 ∙ 𝜎 ∙ 𝑇4 ∙ 𝜆𝑚𝑎𝑥ℎ∙𝑐 = 4.8 ∙ 1022 (eq. A.07) 

Hence, per second N = 4.8∙1022 IR-photons of max = 9350 nm are emitted from the assumed 

human body. 
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Calculation of water molecules present in the human body: 

By assuming 60 % water content of an 80 kg heavy man,[247] the pure mass m of water equals 

48 kg. By dividing this number by the molar mass M of water, 18 g/mol, the number 2666 mol 

is obtained using 

  𝑛 = 𝑚𝑀 (eq. A.08) 

By multiplying with NA = 6.022∙1023, the Avogadro constant, the number of water molecules N 

can be calculated using 

  𝑁 = 𝑛 ∙ 𝑁𝐴 (eq. A.09) 

For the given case, the number of water molecules present in the human body is N = 1.6∙1027. 

 

Correlation of photon energy, given in eV, and wavelength, given in nm: 

In the following, the equation 

  𝐸[𝑒𝑉] = 1240𝜆[𝑛𝑚]  ⇔  𝜆[𝑛𝑚] = 1240𝐸[𝑒𝑉] (eq. A.10) 

will be derived where E stands for the photon energy, given in units of eV, and  represents 

the wavelength of the photon, given in nm. First, the conversion of J into eV will be discussed. 

1 eV is defined as the amount of kinetic energy one electron possesses if it is accelerated in an 

electric field by an acceleration voltage of U =1 V. As the electric energy Eel of the electron is 

converted into kinetic energy Ekin, the following equation can be given: 

  𝐸𝑘𝑖𝑛 = 𝐸𝑒𝑙 = 𝑒 ∙ 𝑈 (eq. A.11) 

With the elementary charge e ≈ 1.602∙10-19 C and U = 1 V = 1 J∙C-1, Ekin = 1 eV ≈ 1.602∙10-19 J is 

obtained. Alternatively, 1 J ≈ 6.242∙1018 eV. Considering the formula for the energy of a photon 

  𝐸 = ℎ𝜈 = ℎ𝑐𝜆 = ℎ𝑐𝜈 (eq. A.12) 

where h stands for the Planck constant, h ≈ 6.626∙10-34 Js, 𝜈 for the frequency of the photon, 𝜈 

for the respective wavenumber and c for the speed of light in vacuum, c ≈ 299.79∙106 m s-1. 

Therefore, the photon energy can be expressed as  

  𝐸 = 6.626∙10−34𝐽𝑠 ∙299.79∙106𝑚𝑠𝜆 = 1.986∙10−25𝐽𝑚𝜆[𝑛𝑚]∙10−9𝑚 = 1.986∙10−16𝐽𝜆[𝑛𝑚]  (eq. A.13) 

By substituting the energy given in J by the corresponding value in eV, the following equation 

is obtained, which is identical to the expression given at the top: 

  𝐸 = 1.986∙10−16∙6.242∙1018𝑒𝑉𝜆[𝑛𝑚] = 1.240∙103𝑒𝑉𝜆[𝑛𝑚] = 1240 𝑒𝑉𝜆[𝑛𝑚]  (eq. A.14) 
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Correlation of energy, given in eV, and electric voltage, given in V: 

As already discussed above, the electric energy is defined as 

  𝐸𝑒𝑙 = 𝑞 [𝐶] ∙ 𝑈[𝑉] = 𝑞[𝐶] ∙ 𝑈 [𝐽𝐶] (eq. A.15) 

For the further discussion q = e =1.602∙10-19 C, since the equation will be adapted for photon 

absorption induced electronic transitions, where the absorption of one photon is typically 

followed by the excitation of only one single electron into a suitably orbital of higher energy. 

Therefore 

  𝐸𝑒𝑙 = 1.602 ∙ 10−19 ∙ 𝑈[𝑉] ∙ 6.242 ∙ 1018𝑒𝑉 = 1𝑒𝑉 ∙ 𝑈[𝑉] (eq. A.16) 

clarifies the concurrent use of eV and V for transforming electrochemically obtained potential 

differences to molecular (orbital) energy differences. In detail, the equation expresses, that if 

an electric potential barrier of 1 V has to be surpassed by one electron, the latter has to take 

up an (electric) energy of 1 eV. For illustration, the following may be considered. Typically, from 

electrochemical measurements a HOMO/LUMO gap can be determined by calculating 

  ∆𝐸 = |𝐸1𝑟𝑒𝑑| + |𝐸1𝑜𝑥| (eq. A.17) 

where 𝐸1𝑟𝑒𝑑 stands for the potential of the first reduction and 𝐸1𝑜𝑥 for the potential of the first 

oxidation event, both given in V. Hence, an electronic HOMO-LUMO transition can only occur, 

if the photon energy E applies to  

  𝐸 = 1𝑒𝑉 ∙ ∆𝐸[𝑉] (eq. A.18) 

Since the HOMO-LUMO transition is the energetically least demanding electronic transition, no 

photon with an energy lower than 1 eV ∙ E[V] will effect electronic excitation. 

 

Calculation of molar photon energies in kJ/mol or kcal/mol from photon 

energies, given in eV: 

For calculating molar photon energies, the following relationships have to be considered 

  1𝑒𝑉 = 1.602 ∙ 10−19𝐽     &     1𝑐𝑎𝑙 = 4.184𝐽 (eq. A.19) 

Therefore, the following equations can be derived 

  𝐸𝑝ℎ𝑜𝑡𝑜𝑛[𝐽] = 1.602 ∙ 10−19 ∙ 𝐸𝑝ℎ𝑜𝑡𝑜𝑛[𝑒𝑉] (eq. A.20) 

  𝐸𝑝ℎ𝑜𝑡𝑜𝑛𝑚𝑜𝑙 [ 𝑘𝐽𝑚𝑜𝑙] = 𝑁𝐴 ∙ 𝐸𝑝ℎ𝑜𝑡𝑜𝑛[𝐽] ∙ 10−3 (eq. A.21) 

  𝐸𝑝ℎ𝑜𝑡𝑜𝑛𝑚𝑜𝑙 [𝑘𝑐𝑎𝑙𝑚𝑜𝑙] = 𝐸𝑝ℎ𝑜𝑡𝑜𝑛𝑚𝑜𝑙 [ 𝑘𝐽𝑚𝑜𝑙] ∙ 14.184 (eq. A.22) 

where NA stands for the Avogadro constant NA = 6.022∙1023 mol-1. For example, a 450 nm 

photon possesses an energy of 2.76 eV which is equal to 3.46 10-19 J or 217 kJ/mol or 

52 kcal/mol. 
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Conversion of the photon wavelength, given in nm, to the wavenumber, 

given in cm-1: 

Since the following equation represents the connection of wavelength  and wavenumber 𝜈 of 

a photon 

  𝜆 = 1�̃�   ⇔   𝜈 = 1𝜆 (eq. A.23) 

the interconversion of the wavelength, given in nm, and the wavenumber, given in cm-1 (or 

vice versa) is achieved as follows: 

  𝜈[𝑐𝑚−1] = 1𝜆[𝑛𝑚]∙10−9 ∙ 1100 = 1𝜆[𝑛𝑚] ∙ 107 (eq. A.24) 

  𝜆[𝑛𝑚] = 1�̃�[𝑐𝑚−1] ∙ 107 (eq. A.25) 

Hence, for example, the wavenumber of a  = 450 nm photon is given by 𝜈 = 22∙222 cm-1. 

 

Calculation of the occupation ratio between to energetically different states 

1 and 2 using the Boltzmann distribution: 

Following the Boltzmann distribution,[52] the occupation ratio between two energetically 

different states can be calculated by the following formula (it is assumed that 2 represents the 

energetically higher lying state and 1 represents the state lower in energy) 

  
𝑁2𝑁1 = 𝑒−Δ𝐸𝑘𝑇     &    Δ𝐸 = 𝐸2 − 𝐸1 (eq. A.26) 

Here, k represents the Boltzmann constant with k = 1.38065∙10-23 J/K and the absolute 

temperature, given in K. For example, given a non-degenerate two-state system with an energy 

separation of 0.25 eV (corresponding to a gap which can be overcome with a photon of 𝜈 = 2∙000 cm-1, i.e. typical vibrational energy level spacing), the occupation ratio at room 

temperature is 6.33∙10-5, i.e. only the energetically lower state is significantly populated at 

25 °C. 
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Generation of a stable supramolecular hydrogen
evolving photocatalyst by alteration of the
catalytic center†

Alexander K. Mengele, Simon Kaufhold, Carsten Streb and Sven Rau*

A new dyad consisting of a RuII chromophore, a tetrapyridophenazine bridging ligand and a Rh(Cp*)Cl

catalytic center, [Ru(tbbpy)2(tpphz)Rh(Cp*)Cl]Cl(PF6)2, acts as durable photocatalyst for hydrogen pro-

duction from water. Catalytic activity is observed for more than 650 hours. Electrochemical investigations

reveal that up to two electrons can be transferred to the catalytic center by a thermodynamically favorable

intramolecular process, which has so far not been reported for similar tpphz based supramolecular

photocatalysts. Additionally, mercury poisoning tests indicate that the new dyad works as a homogeneous

photocatalyst.

Introduction

As mankind’s dependence on nonrenewable resources has

severe impacts on the environment, the conversion of solar to

chemical energy by a thermodynamic uphill process is con-

sidered as a green alternative to fossil fuels.1 One strategy to

tackle the problem of utilizing the photoinduced charge separ-

ation as starting point for light driven redox reactions, is the

unification of the photo- and the catalytic centers in one

supramolecular architecture.2 This concept lead to a variety of

photocatalysts for hydrogen evolution,3–6 CO2 reduction
7,8 and

water oxidation.9–11 In order to tune the overall activity by

rational design, the architecture should be stable during the

whole photocatalytic process. Recent results on homogeneous

photocatalytic hydrogen evolving reactions showed that the

stability of the catalyst is not given per se.12,13 However, certain

ligand environments proved to stabilize the catalytically active

metal complex sufficiently.14–16 Deductions of structure–

activity relationships from colloid forming catalysts, especially

with regard to catalytic output, is rather complex. Hence the

generation of new and highly stable photocatalytic active dyads

is very relevant and may therefore be accomplished by altering

for example catalytic centers using known chromophoric

systems. An organometallic structural motive which seems to

combine high stability17–19 and the capability of producing

hydrogen in photocatalytic20–22 and electrocatalytic23–25

systems, is that of [(1,2-diimine)Rh(Cp*)X]n+ (1,2-diimine:

derivatives of 2,2′-bipyridine (bpy) or 1,10-phenanthroline,

Cp* = pentamethylcyclopentadienyl, X = Cl (n = 1), H2O (n = 2)).

Moreover, [Ru(tbbpy)2(tpphz)]
2+ (Rutpphz) (tbbpy = 4,4′-di-

tert-butyl-2,2′-bipyridine, tpphz = tetrapyrido[3,2-a:2′,3′-c:3″,2″-

h:2′″,3′″-j]phenazine) has been investigated as chromophoric

building block for binuclear hydrogen evolving complexes in

great detail.14,16,26 Therefore a combination of the aforemen-

tioned structures seemed to be interesting to us in order to

generate a stable dyad, capable of evolving hydrogen under

visible light irradiation. In addition, previously reported work

by the groups of Brewer5,6 and Bernhard27 using rhodium

based catalytic centers showed efficient light driven hydrogen

production, although with an entirely different ligand environ-

ment compared to the herein reported system.

The RhIII(Cp*) fragment may furthermore offer the possi-

bility to investigate electrochemical reduction processes by

conventional methods also in a dinuclear complex. This has so

far not been possible for Rutpphz based catalysts with PdCl2
or PtX2 (X = Cl, I) catalytic units as no reversible electrochemi-

cal processes could be observed.16,26 However, first experi-

ments towards the elucidation of the light induced electron

transfer pathways in the monoreduced catalytic RutpphzPtCl2
assembly provided highly valuable insight into a until then vir-

tually unexplored but highly relevant area.28 As for this system

the first reversible reduction is localized on the phenazine part

of the tpphz bridging ligand, investigations into the effect of a

singly reduced catalytic center on light induced electron trans-

fer processes are precluded per se.
†Electronic supplementary information (ESI) available. See DOI: 10.1039/

c6dt00130k

University of Ulm, Institute of Inorganic Chemistry Materials and Catalysis,

Albert-Einstein-Allee 11, 89081 Ulm, Germany. E-mail: sven.rau@uni-ulm.de;

Fax: +49 731 5023039; Tel: +49 731 5023900
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Herein, we report the synthesis, the spectroscopic and the

electrochemical characterization of the binuclear complex

[Ru(tbbpy)2(tpphz)Rh(Cp*)Cl]Cl(PF6)2 (RutpphzRhCp*) as well

as its photocatalytic ability for generating hydrogen in pres-

ence of triethylamine (TEA) as sacrificial electron donor.

Results and discussion
Synthesis and 1H-NMR spectroscopic characterization

Rutpphz and [(Cp*)RhCl2]2 were synthesized according to pre-

viously reported procedures.26,29 Both components were

reacted in CH2Cl2 for four hours at room temperature to give

RutpphzRhCp* in quantitative yield. Similarly high conver-

sions were reported for structurally analogous complexes.20

After workup, the bimetallic complex was obtained as a red

powder, which is well soluble in acetonitrile (MeCN) and

CH2Cl2 due to the solubility promoting effect of the tert-butyl

groups of the tbbpy ligands and the methyl groups of the Cp*

ring. Details of the synthesis are given in the ESI.† To confirm

the catalyst structure (Fig. 1), 1H-NMR spectroscopic investi-

gations were undertaken. H,H-COSY spectra were recorded and

allowed the unequivocal assignment of the proton signals

(Fig. 2). Further NOE experiments are fortifying this. The selec-

tive irradiation of the Cp*-signal at 1.82 ppm leads to the

occurrence of a signal at 9.48 ppm (Fig. S1†). We therefore con-

clude that this peak is attributed to the aromatic a′ protons as

they are in spatial proximity to the methyl groups of the

anionic ring. Selective irradiation of the tert-butyl group signal

at 1.49 ppm is accompanied by the presence of two peaks at

8.59 ppm and 7.52 ppm (Fig. S2†). Similar results are obtained

when the peak at 1.38 ppm is saturated as two signals at

8.56 ppm and 7.25 ppm occur (Fig. S3†). A reasonable expla-

nation would be the spatial proximity of the 3/3′ and the 5/5′

protons of the tbbpy ligand and the corresponding protons of

the tert-butyl groups. This leads to two sets of signals, one for

the equatorial arranged parts of the two tbbpy ligands with the

corresponding tert-butyl group at 1.49 ppm, the 3-proton at

8.59 ppm and the 5-proton at 7.52 ppm and one for the axial

arranged moieties of the tbbpy ligands with its 3′- and

5′-protons.

As shown in Fig. 2, the introduction of the second metal

fragment leads to a significant downfield shift of the tpphz

signals in comparison to Rutpphz. For the protons of the phen-

anthroline sphere adjacent to the rhodium center (a′, b′, c′),

this effect is more pronounced compared to the signals of the

second moiety close to the ruthenium center (a, b, c). This

can be explained by the electron withdrawing effect of

the RhIII(Cp*)Cl moiety.30 An identification parameter I

for the unambiguous identification of Rutpphz and

[Ru(tbbpy)2(tpphz)PdCl2](PF6)2 (RutpphzPdCl2) independent

from concentration was previously established.31 I gives a

slightly higher value of 1.53 ± 0.03 for RutpphzRhCp* in a con-

centration range between 0.5 and 9 mM in MeCN compared

with Rutpphz (1.42 ± 0.04) in a concentration range between

0.25 and 10 mM in the same solvent.

The same studies revealed that the planar π-system of the

tpphz bridging ligand is responsible for a concentration

dependent dimerization process formed via π–π-interactions.31

To determine how pronounced this behavior appears in

RutpphzRhCp*, a series of 1H-NMR spectra were recorded at

different complex concentrations (Fig. S4 and S5†). In com-

parison to RutpphzPdCl2, RutpphzRhCp* shows a lower ten-

dency to form π–π stacked aggregates as evidenced by a

smaller concentration dependent shift of the 1H-NMR signals

Fig. 1 Structure and designation of the aromatic protons in the mononuclear complex [Ru(tbbpy)2(tpphz)](PF6)2 (Rutpphz) and the dinuclear

complex [Ru(tbbpy)2(tpphz)Rh(Cp*)Cl]Cl(PF6)2 (RutpphzRhCp*).

Fig. 2 Aromatic region of the 1H-NMR spectra in acetonitrile-d3 of

Rutpphz (top) and RutpphzRhCp* (bottom) at a complex concentration

of 1 mM.
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for the latter. This can be explained by the different coordi-

nation geometries of the catalytic centers. The d8 Pd center in

RutpphzPdCl2 has a square planar ligand environment and is

able to approach another photocatalyst. The typical piano stool

geometry of the Rh(Cp*)Cl center32 in RutpphzRhCp* leads to

stronger steric repulsion between the photocatalysts and there-

fore to a much lower aggregation tendency.

Steady state UV-vis and emission spectroscopy

By introducing the rhodium center into Rutpphz, the absorp-

tion properties are not significantly affected (Fig. 3). This rules

out extensive ground state electronic delocalization in the

dyad. Based on previously reported assignments of the photo-

physical transitions of reference compounds and the obser-

vation that the UV-vis spectra of Rutpphz and a catalyst model

compound behave additive giving the overall absorbance fea-

tures of RutpphzRhCp* (Fig. S6†), we interpret the absorption

properties of the dyad as follows:30,33 the maximum of the
1MLCT band, which consists at higher energies of Ru(dπ) →

tbbpy(π*) and at lower energies of Ru(dπ) → tpphz(π*) tran-

sitions,33 is located at 442 nm for both Rutpphz and

RutpphzRhCp*. Also the sharp n → π* and π → π* transitions

of the tpphz ligand in the region between 350 and 400 nm

remain mostly unchanged.30 The increased absorbance of the

band at 286 nm in RutpphzRhCp* compared to Rutpphz can

be interpreted as additional π → π* transitions of the Cp*

ligand.

Compared to Rutpphz (λmax = 621 nm) the maximum of the

emission spectrum in aerated dichloromethane of

RutpphzRhCp* (λmax = 642 nm) is red shifted and dramatically

reduced in intensity, as depicted in Fig. S7.† Because the

lowest emitting excited states of Rutpphz like complexes are

localized on the bridging ligand,30 the shift in the emission

wavelength is attributed to a lowered π* energy of the tpphz

ligand upon complexation with the Rh moiety. By reducing the

energy gap between excited state and ground state, the low

emission intensity of RutpphzRhCp* can be explained by an

increasing possibility of nonluminescent deactivation pro-

cesses, according to the energy gap law,34 or by electron trans-

fer from the excited Ru chromophore to the Rh center,

generating a nonluminescent 3MMCT.6,35

When the solvent is changed from CH2Cl2 to MeCN or

MeCN/H2O mixtures, a further drop in the emission intensity

of RutpphzRhCp* is observed (Fig. S8†). The photoinduced

charge separated states are stabilized by an enhanced solvent

polarity.

However, considering the analogy between the tpphz and

the dppz ligand (dppz = dipyrido[3,2-a:2′,3′-c]phenazine), the

enhancement of solvent polarity stabilizes the dark state,

which is localized on the phenazine part of the bridging

ligand, more effectively than the luminescent phenanthroline

centered excited state.36,37 This results in a lower emission

intensity by increasing the driving force for populating the

nonluminescent state.

Electrochemical investigations

To gain further insight into the interplay of the different com-

ponents in RutpphzRhCp*, cyclic voltammetry (see Fig. 4) and

spectroelectrochemical investigations (Fig. 5) were undertaken.

Fig. 3 UV-vis absorption spectra of RutpphzRhCp* (solid) and Rutpphz

(dotted) in MeCN (c = 10 μM).

Fig. 4 Cyclic voltammogram of RutpphzRhCp* (c = 1 mM) in MeCN,

containing 0.1 M (nBu)4NPF6 as supporting electrolyte (v = 100 mV s−1).

All peaks are quoted relative to the ferrocene/ferrocenium (Fc/Fc+) couple.

Fig. 5 UV-vis absorption spectra of electrochemically reduced inter-

mediates in RutpphzRhCp*, dissolved in dry MeCN. Black line: non-

reduced species; red line: doubly reduced rhodium center; blue line:

threefold reduced photocatalyst.
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An irreversible anodic peak at Eox = +0.67 V vs. Fc/Fc+ in

MeCN, that can be assigned to the oxidation of chloride

ions,23,38 is followed by a reversible oxidation of the ruthenium

center at E1/2 = +0.86 V. For Rutpphz this ruthenium based oxi-

dation has been reported to occur at +0.83 V,39 further indicat-

ing the lack of significant metal–metal interaction in the

ground state of RutpphzRhCp*. At −1.09 V the typical two elec-

tron process correlated to the RhIII/I couple can be observed.23

Kölle et al. showed, that this reduction of RhIII to RhI is based

on a fast disproportionation of the unstable RhII intermedi-

ates.19 Subsequent peaks are correlated to the first reduction

of the tpphz ligand at −1.44 V, whereas further reductive pro-

cesses at −1.86 V, −2.07 V and −2.41 V are assigned to each

one of the terminal tbbpy ligands and a second reduction

located on the tpphz bridging ligand.40,41

The broadening of the cathodic peak at −2.15 V could

potentially be arising from an overlap of the reversible

reduction of the second tbbpy ligand with a rather bad

resolved process, possibly due to the presence of a second

species generated under the operating conditions.

A detailed investigation on the concentration dependence

and scan rate dependence of the electrochemical properties of

RutpphzRhCp* suggests on the one hand, that the rhodium

based two electron redox process appears to be electrochemi-

cally reversible at a concentration of 1 mM and a scan rate of

100 mV s−1 as the peak separation value for this metal cen-

tered process is similar to that of the ligands, which have been

previously reported to be reversible (Table S1†).40 On the other

hand indicated by a peak current ratio ipa/ipk considerably

smaller than 1, chemical irreversibility is observed only at a

concentration of 0.1 mM and a scan rate of 20 mV s−1 (Fig. S9

and Table S2†), which are significantly lower values compared

to reference compounds.19

In contrast to the known binuclear complexes

RutpphzPdCl2 and [Ru(tbbpy)2(tpphz)PtX2](PF6)2 (X = Cl, I)

(RutpphzPtX2), the reduction of the catalytic center is possible

for the first time at potentials less negative than that of

the bridging ligand, concerning Rutpphz based systems.16,26

A similar sequence of redox processes was reported for

other bi- and trimetallic Ru–Rh based supramolecular

photo-catalysts, resulting in efficient hydrogen evolution under

illumination.5,6,42

These observed redox properties should provide a consider-

able driving force for an intramolecular photoinduced electron

transfer in RutpphzRhCp* from the chromophore to the

rhodium center, generating the RhI species either by dis-

proportionation of the single reduced rhodium moiety or by

the subsequent transfer of two electrons over the bimetallic

architecture. The observed order of electrochemical potentials

facilitates the latter pathway. As it has been shown for

RutpphzPtCl2, the location of one electron at the phenazine

moiety of the tpphz bridging ligand leads to an increased

population of excited states localized at the terminal tbbpy

ligands.28 The thermodynamically favored electron transfer

from tpphz to the catalytic RhIII(Cp*) center could therefore

improve the directional transfer of the second electron

towards the supramolecular architecture by regenerating the

uncharged bridging ligand.

To gain further knowledge about species generated by

reduction of RutpphzRhCp*, controlled potential spectral

scans at −1.2 V and −1.5 V were recorded. As shown in Fig. 5,

the electrochemical generation of the RhI species only leads to

an increase of the bands already present in the native catalyst,

indicating that the absorption profile of the reduced rhodium

center is possibly overlapped by the intense MLCT band of the

ruthenium chromophore.43 The presence of the n → π* and

π → π* transitions between 350 and 400 nm shows, that the

reduced rhodium center is stable towards back electron trans-

fer to the tpphz moiety. Applying a potential of −1.5 V results

in a significant change of the recorded UV-vis spectrum. The

loss of the sharp bands in the near UV region as well as the

rise of a broad band between 550 and 700 nm is fortifying the

assignment of a tpphz centered reduction.14,16,35,44 Recent

resonance Raman investigations of RutpphzPtCl2 indicate that

this raising band correlates to an intraligand π → π* transition

of the reduced tpphz ligand, where electron density localized

on the phenazine unit is transferred to the phenanthroline

spheres.28

Photocatalytic hydrogen production and mercury poisoning

For a typical run of light driven hydrogen production,

RutpphzRhCp* was dissolved in degassed MeCN : TEA : H2O =

6 : 3 : 1 (v : v : v, 8 mL), in a 22 mL Schlenk tube. The concen-

tration of the photocatalyst was 70 μM and the tube was sealed

after preparation with a septum for multiple gas sampling (see

Fig. S10†). Afterwards the tube was irradiated with one LED

stick (470 nm, 45–50 mW cm−2) at room temperature. The

amount of produced hydrogen was determined via headspace

gas chromatography.

Fig. 6 shows the time profile of photocatalytically produced

hydrogen for RutpphzRhCp*. The maximum turnover number

(TON = n(H2) n(catalyst)
−1) of 17 was achieved after 670 hours

of irradiation. Control experiments with either Rutpphz or

[(tbbpy)Rh(Cp*)Cl]Cl did not lead to a detectable amount of

Fig. 6 Turnover numbers (TONs) of RutpphzRhCp* (c = 70 mM) in

8 mL of a catalytic mixture (MeCN : TEA : H2O = 6 : 3 : 1, v : v : v) in a 22 mL

Schlenk tube, illuminated by one LED stick (470 nm, 45–50 mM cm−2) at

room temperature.
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hydrogen either under illumination or in the dark. An inter-

molecular approach using [Ru(tbbpy)3](PF6)2 together with

[(tbbpy)Rh(Cp*)Cl]Cl only gave a TON of 4 after 22 h

(Fig. S11†). Moreover, RutpphzRhCp* did not produce any

hydrogen, when it was not exposed to visible light. This

remarkable stability of the rhodium based catalytic center for

catalysis was reported earlier, albeit the substrate for reduction

was NAD+ (nicotinamide adenine dinucleotide) instead of

H+.17,18 In comparison, no tpphz based photocatalyst has ever

achieved catalytic activity for hydrogen evolution beyond

100 hours.14,16,26,45 The low turnover frequency of

RutpphzRhCp* towards hydrogen production can be explained

by the slow protonation of the reduced rhodium center and

the slow proton attack on the postulated RhIII(Cp*)–H inter-

mediate under the applied basic solvent conditions.19

A further detail in the hydrogen production using

RutpphzRhCp* as photocatalyst is a fast color change of the

catalytic mixture from orange to green after exposing it several

minutes to visible light (see Fig. S12†). To investigate the spec-

tral changes that are causing this effect, in situ UV-vis absorp-

tion spectra of a typical catalytic mixture were recorded. As

shown in Fig. 7, the rise of a broad band between 550 and

800 nm with increasing irradiation time is concomitant with a

vanishing of the sharp n → π* and π → π* transitions of the

tpphz ligand. Based on earlier studies,41,46–48 these changes

can be ascribed to a reduction of the central phenazine unit as

they are very similar to the features detected by spectroelectro-

chemistry, see above. One reason for the occurrence of the

reduced bridging ligand could be a very inefficient electron

transfer process from the photoreduced bridging ligand to the

catalytic center despite the favorable electrochemical pro-

perties of RutpphzRhCp*. The putative catalytic intermediate

species having a RhIII(Cp*)–H center on the second phen-

anthroline sphere could also cause the observed spectral

changes. As this species is supposed to be relatively unreactive

towards a proton attack under the applied basic conditions, a

further light induced reduction of the tpphz bridging ligand

would be observable due to possibly altered potentials of the

rhodium center upon replacing the chloride ligand with a

hydride ligand. This could impede a subsequent electron

transfer from the bridging ligand to the RhIII(Cp*)–H moiety

due to a thermodynamic uphill process. However, the energy

demanding formation of the further reduced RhII(Cp*)–H

species would generate a highly active subunit for the reaction

with protons, presumably even under the applied basic con-

ditions. It is also worth mentioning that a significant cathodic

shift was observed for the metal localized reduction of

[(bpy)Rh(Cp*)H]+ in comparison to [(bpy)Rh(Cp*)Cl]+.19

To examine a possible participation of colloids as active

components of photocatalysis, the mercury poisoning test was

applied, which has been shown to inhibit heterogeneous cata-

lysis by forming amalgams with colloidal metals.49 Preliminary
1H-NMR tests showed that mercury leads only to a small

amount of RutpphzRhCp* decomposition products in the dark

(see Fig. S13†).

Furthermore the presence of liquid mercury did not have

any effect on the rate of photocatalytic hydrogen production as

depicted in Fig. S14.† A contribution of colloidal rhodium to

the photocatalytic hydrogen production is therefore rather un-

likely and RutpphzRhCp* can be seen as a true homogeneous

catalyst under the applied conditions. This further supports

the high overall stability of RutpphzRhCp*.

Conclusions

In summary, the synthesis, the spectroscopic and the electro-

chemical characterization of the new heterobimetallic complex

RutpphzRhCp* were reported as well as its long-term photo-

catalytic hydrogen production, where it acts as a homogeneous

catalyst. This indicates, that Rutpphz is a suitable building

block for the generation of stable supramolecular photocata-

lysts and the previously reported loss of catalytic activity for

structurally similar compounds like RutpphzPdCl2 and

RutpphzPtX2 after less than 100 hours can therefore be over-

come choosing a different catalytic center. High stability,

favorable energetic properties and negligible influence on the

absorption characteristics of the chromophoric backbone,

make Rh(Cp*)Cl based dyads—and hence RutpphzRhCp* as

its first example—a further class of substances, where the

deduction of structure activity relationships and tailoring of

photocatalytic properties can be readily achieved.6,16 Moreover,

RutpphzRhCp* seems to be an ideal model system for studying

the photophysics and electron transfer processes in the nonre-

duced as well as in the multiple reduced binuclear photo-

catalysts using techniques such as transient absorbance

spectroscopy as it possesses very favorable redox properties.

In order to improve the amount of photocatalytically pro-

duced hydrogen with RutpphzRhCp*, an important parameter

that has to be optimized is the composition of the solvent

mixture, including the use of other sacrificial agents than TEA.

Earlier studies have shown, that the optimum pH value for

photocatalytic hydrogen production of a [(bpy)Rh(Cp*)(H2O)]
2+

based intermolecular system is 3.6.21 Additionally, further

Fig. 7 Time-dependent spectral changes during illumination of a cata-

lytic mixture with one LED stick (470 nm, 14 mW cm−2), containing a

solution of MeCN : TEA : H2O = 6 : 3 : 1 (v : v : v) and RutpphzRhCp* (c =

10 μM).
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studies on the impact of structural changes in the ligand

spheres on the catalytic activity have to be undertaken, in

order to unleash the full potential of these new rhodium

based binuclear photocatalysts.

Experimental
Instrumentation

1H-NMR (400.13 MHz) spectra were recorded using a Bruker

DRX 400 spectrometer. All spectra were recorded at 298 K in

acetonitrile-d3. NMR chemical shifts were referenced to the

solvent peak of acetonitrile at δ = 1.94 ppm.

MS-Analysis was performed on a Bruker solariX Hybrid 7T

FT-ICR equipped with an electrospray ionization source.

The amount of produced hydrogen was determined by

headspace gas chromatography (GC) on a Bruker Scion SQ

with a thermal conductivity detector and argon as carrier gas

(column: Mol. Sieve 5A 75 m × 0.53 mm I.D., oven tempera-

ture: 70 °C, flow rate: 25 mL min−1, detector temperature:

200 °C). The GC was calibrated by injecting different volumes

of pure hydrogen gas.

The UV-vis-spectra were recorded with a JASCO V-670 and

the emission spectra with a JASCO spectrofluorometer

FP-8500. For both, quartz cells with a path length of 10 mm

were used and the measurements were performed at room

temperature.

Cyclic voltammetry (CV) experiments were performed using

a CHI 620E electrochemical workstation (CH Instruments,

Austin, Texas, USA) equipped with a standard three-electrode

arrangement with a glassy carbon electrode (d = 1.6 mm) as

working electrode, an Ag wire (in a glass frit containing

electrolyte with the same concentration (0.1 M) as the concen-

tration of the electrolyte in the analyzed solution) as quasi

reference electrode and a Pt wire as counter electrode. The

experiments were performed in dry MeCN using (nBu)4NPF6 as

supporting electrolyte. All solutions were purged with argon to

remove O2 and kept under a slight positive Ar pressure while

performing the experiment. All potentials are quoted relative

to the ferrocene/ferrocenium internal standard.

Spectroelectrochemical data were performed using a CARY

50 Probe spectrophotometer and a CHI 620E electrochemical

workstation (CH Instruments, Austin, Texas, USA) equipped

with a platinum mesh as working electrode and platinum elec-

trodes as reference and counter electrode. The experiments

were performed in dry acetonitrile using (nBu)4NPF6 (0.1 M) as

supporting electrolyte. All solutions were purged with argon to

remove O2 and kept under a slight positive Ar pressure while

performing the experiment.

If not mentioned otherwise all experiments were performed

under aerobic conditions.

Preparation of the catalytic mixtures and procedure of

hydrogen production

Photocatalytic hydrogen production was carried out under

argon atmosphere by preparing the catalytic mixture using

degassed solvents in a 22 mL Schlenk tube. The 8 mL solution

contained 4.8 mL MeCN, 2.4 mL TEA, 0.8 mL H2O (MeCN :

TEA : H2O = 6 : 3 : 1, v : v : v) and 0.91 mg RutpphzRhCp* (c =

70 μM). The Schlenk tube was sealed with a septum and

mounted into a custom-made air-cooling apparatus. The

irradiation was performed with one LED stick (470 nm,

45–50 mW cm−2) at room temperature (20 °C). To determine

the amount of produced hydrogen, headspace gas chromato-

graphy was used by injecting volumes of 100 μL into the GC

apparatus at different points in time. Due to the low turnover

number of 17, Henrys law was not applied to consider the

amount of dissolved hydrogen in the liquid phase by measur-

ing the pressure built up in the reactor.

Stability of RutpphzRhCp* towards liquid mercury

3.5 mg of RutpphzRhCp* were dissolved in 4 mL of pure

MeCN and stirred with two drops of mercury (100 μL) for

20 hours at room temperature in the dark. After separation

from mercury, the solvent was evaporated and the red solid

was dissolved in CD3CN and transferred into an NMR tube.

Photocatalytic hydrogen production in the presence of liquid

mercury

Preparation of the catalytic mixture and procedure of the cata-

lysis was the same as described above except for the addition

of 100 μL liquid mercury. 100 μL samples of the gas were ana-

lyzed at different times by gas chromatography to determine

the amount of produced hydrogen.

Synthesis and characterization

The complete synthetic procedure for RutpphzRhCp* as well

as further NMR spectra are shown in the ESI.†
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Generation of a stable supramolecular hydrogen evolving photocatalyst by 

alteration of the catalytic center

A. K. Mengele, S. Kaufhold, C. Streb and S. Rau

Synthesis of [Ru(tbbpy)2(tpphz)Rh(Cp*)Cl]Cl(PF6)2 (RutpphzRhCp*)

78.7 mg (0.06 mmol, 2 eq.) [Ru(tbbpy)2(tpphz)](PF6)2 and 18.5 mg (0.03 mmol, 1 eq.) [(Cp*)RhCl2]2 

were placed in a 50 mL flask and dissolved in 10 mL dichloromethane. After 4 hours of stirring at 

room temperature the solvent was almost completely evaporated and precipitation of the 

photocatalyst was induced by the addition of 10 mL diethylether. After filtration, the red residue was 

washed three times with 10 mL diethylether and dried under vacuum to give 97 mg (0.06 mmol) of 

the desired product.

M(C70H75Cl2F12N10P2RhRu) = 1621.24 g/mol
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1H-NMR (400 MHz, CD3CN, concentration dependent, c = 1 mM):  =10.14 (dd, J = 8.2, 1.0 Hz, 2H(c´)), 

9.94 (dd, J = 8.2, 1,4 Hz, 2H(c)), 9.45 (dd, J = 5.2, 1.0 Hz, 2H(a´)), 8.58-8.54 (m, 2H(3)), 8.52 (dd, J = 5.9, 

1.7 Hz, 2H(3´)), 8.41 (dd, J = 8.2, 5.2 Hz, 2H(b´)), 8.27-8.24 (m, 2H(a)), 8.02 (dd, J = 8.2, 5.4 Hz, 2H(b)),    

7.71 (d, J = 6.0 Hz, 2H(6)), 7.61 (d, J = 6.1 Hz, 1H(6´)), 7.58 (d, J = 6.1 Hz, 1H(6´)), 7.49 (dd, J = 5.9, 1.9 Hz, 

2H(5)), 7.26-7.19 (m, 2H(5´)), 1.79 (s, 15H(A)), 1.46 (s, 18H(B)), 1.35 (s, 9H(B´)), 1.34 (s, 9H(B´)).

MS (ESI, acetonitrile): m/z = 431.80 ([M-2(PF6)-Cl]3+), m/z = 428.81 ([M-2(PF6)-2(Cl)+(CN)]3+).
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Figure S1: NOE difference spectrum obtained by selective irradiation of the Cp* signal in acetonitrile-d3; 

c(RutpphzRhCp*) = 3 mM.
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Figure S2: NOE difference spectrum obtained by selective irradiation of the tert-butyl group of the tbbpy ligands at 

1.49 ppm in acetonitrile-d3; c(RutpphzRhCp*) = 3 mM.
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Figure S3: NOE difference spectrum obtained by selective irradiation of the tert-butyl group of the tbbpy ligands at 

1.38 ppm in acetonitrile-d3; c(RutpphzRhCp*) = 3 mM.
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Figure S4: Aromatic region of the 1H-NMR spectra of RutpphzRhCp*at different complex concentrations in acetonitrile–d3.
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Figure S5: Aliphatic region of the 1H-NMR spectra series of RutpphzRhCp* at different complex concentrations in 

acetonitrile–d3.

Figure S6: UV-vis absorption spectra of RutpphzRhCp* (black line), Rutpphz (red line) and [(tbbpy)Rh(Cp*)Cl]Cl (blue line) in 

MeCN at a concentration of 10 M.
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Figure S7: Emission spectra of RutpphzRhCp* (black line) and Rutpphz (red line) in aerated CH2Cl2 (c(complex) = 10 M) 

with exc = 442 nm.
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Figure S8: Emission spectra of RutpphzRhCp* in aerated CH2Cl2 (pink line), aerated MeCN (black line), aerated 

MeCN:H2O = 9:1 (v:v) (red line) and aerated MeCN:H2O = 1:1 (v:v) (blue line); c(RutpphzRhCp*) = 10 M, exc = 442 nm.
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Figure S9: CV-spectra of the rhodium based redox 

process of RutpphzRhCp* in MeCN, containing 0.1 M (nBu)4NPF6.            a-d: scan rate of 20 mV s-1, e-h: scan rate of 

100 mV s-1. a & e: c(RutpphzRhCp*) = 0.1 mM,                                                    b & f: c(RutpphzRhCp*) = 0.25 mM, c & g: 

c(RutpphzRhCp*) = 0.5 mM, d & h: c(RutpphzRhCp*) = 1 mM.
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Figure S10: Freshly prepared catalytic mixture of RutpphzRhCp* (70 M) in MeCN:TEA:H2O = 6:3:1 (v:v:v) (left) and setup 

during photodriven hydrogen generation (right).

Figure S11: Comparison of TONs for photocatalytic hydrogen evolution using RutpphzRhCp* (blue diamonds) and using 

[Ru(tbbpy)3](PF6)2 together with [(tbbpy)Rh(Cp*)Cl]Cl (orange diamonds) in a solvent mixture containing 

MeCN:TEA:H2O = 6:3:1 (v:v:v), illuminated by one LED stick (470 nm, 45-50 mW cm-2).
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Figure S12: Quartz cuvettes containing a typical solvent mixture (MeCN:TEA:H2O = 6:3:1; v:v:v) for photocatalytic hydrogen 

generation with RutpphzRhCp* (c = 70 M) before (left) and after 5 minutes of irradiation (right) with one LED-stick 

(14 mW cm-2,  = 470 nm).
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Figure S13: Aromatic region of the 1H-NMR spectrum of RutpphzRhCp* after 20 h of stirring in presence of liquid mercury in 

MeCN in the dark. The blue circles indicate peaks assigned to degradation products (c(RutpphzRhCp*) = 9 mM; solvent: 

acetonitrile-d3).
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Figure S14: Comparison of the photocatalytically produced amount of hydrogen by RutpphzRhCp* (c = 70 M) in a 

degassed solvent mixture of MeCN:TEA:H2O = 6:3:1 (v:v:v) in absence of liquid mercury (blue diamonds) and in the 

presence of it (orange squares), each performed under illumination with one LED-stick (470 nm, 45-50 mW cm-2) in a 22 mL 

Schlenk tube.

Table S1: Electrochemical data of RutpphzRhCp* obtained at a concentration of 1 mM and a scan rate of 100 mV s-1.

Assignment Epa (V) vs. Fc/Fc+ Epk (V) vs. Fc/Fc+ E1/2 vs. Fc/Fc+ (V) E (mV)

RuIII/II 0,901 0,827 0,86 74

RhIII/I -1,055 -1,133 -1,09 78

tpphz0/-I -1,407 -1,467 -1,44 60

tbbpy1
0/-I -1,832 -1,892 -1,86 60

tbbpy2
0/-I -2,031 -2,110 -2,07 79

tpphz-I/-II -2,371 -2,445 -2,41 74

Table S2: Peak current ratios of the rhodium based two electron redox process in RutpphzRhCp* at different 

concentrations c and different scan rates v.

Rh-based two electron redox process; ipa/ipk-ratios

c (mM) / v (mV s-1) 20 50 100 200 500 1000

0.10 0,48 0,85 0,89 0,84 0,92 1,00

0.25 0,96 0,84 1,03 1,01 1,05 1,07

0.50 0,94 0,95 0,89 0,92 0,94 0,93

1.00 0,89 0,94 1,11 1,09 1,07 1,12



Coupling Molecular Photocatalysis to Enzymatic
Conversion

Alexander K. Mengele,[a] Gerd M. Seibold,[b] Bernhard J. Eikmanns,[b] and Sven Rau*[a]

Introduction

The storage of light energy in chemical bonds is one of the

most promising approaches to the global energy shortage by

supplying mankind with renewable green fuels.[1] Among a va-

riety of different methods, photoredox catalysis using multime-

tallic architectures is a promising concept to achieve this

goal.[2] To date, a variety of such systems has been reported

that focus mainly on proton[3] and CO2
[4] reduction and water

oxidation.[5] Moreover, the coupling of light-harvesting systems

with biocatalysts is highly relevant.[6] This allows the light-in-

duced powering of mild and selective enzymatic transforma-

tions of potentially rather inert or structurally complex sub-

strates. Besides the direct light-driven regeneration of reduced

flavins,[7–9] the reduction of oxidized nicotinamide cofactors is

of particular interest as an effective catalyst could provide the

reducing equivalents to an even larger number of oxidoreduc-

tases, which would simultaneously save resources by the direct

recycling of the consumed biological hydride donor.

For this purpose [(N,N)Rh(Cp*)X]n++ compounds (Cp*=pen-

tamethylcyclopentadienyl, N,N=N,N-chelating ligand, X=Cl,

H2O) have been shown to be highly active in the selective re-

duction of meta-functionalized pyridinium ions to the 1,4-dihy-

dro form using either formate[10–12] or phosphite[13] as the re-

ducing agent. In the application of NAD(P)++ as the substrate

for the selective [(N,N)Rh(Cp*)X]n++-mediated generation of the

biologically active reduced cofactor, a variety of coupled sys-

tems for the efficient reductive enzymatic synthesis of chiral

compounds has been described.[14–17] Moreover, even biomim-

etic cofactor analogs that do not bear the naturally occurring

ribose-containing N-substituents can be recognized by certain

enzymes, which enables inexpensive and effective enzymatic

stereoselective reactions.[15,18–20] In addition, these Rh catalysts

can also play the role of an efficient redox mediator in electro-

chemical NAD(P)H regeneration systems by lowering the re-

quired potential and simultaneously inhibiting unselective side

reactions that arise from cofactor radical chemistry.[21–23]

To date, the photocatalytic reduction of nicotinamide cofac-

tors has mainly been tackled by using multicomponent sys-

tems.[24] Interestingly, an intermolecular system, in which the

formation of a bimodular aggregate by the reversible coordi-

nation of Eosin Y to [(bpy)Rh(Cp*)(H2O)]
2++ (bpy=2,2’-biypyri-

dine) was proposed, reached very high turnover frequencies

(TOFs) by facilitating the charge transfer onto the catalytic

center.[25] In addition, a polymer compound linked to a similar

Rh catalyst drives enzymatic substrate conversion upon irradia-

tion with visible light.[26]

As other studies proved that oligonuclear photocatalysts

have a superior performance to intermolecular systems,[27,28]

we were interested in efficient nicotinamide cofactor-recycling

using a structurally well-defined bimetallic dyad to enable fast

photoinduced electron transfer to the [(N,N)Rh(Cp*)X]n++ cata-

lytic center. In addition, the decrease of the chance of forming

a highly reactive photoreduced chromophoric subunit by elim-

inating diffusion controlled redox processes between the chro-

mophore and the catalyst might diminish the unproductive

radical chemistry of nicotinamide cofactors upon one-electron

reduction. This process is known to generate biologically inac-

tive dimers, which could impede efficient photo-biocatalytic

systems.[29,30] Therefore the well-known mononuclear Ru com-

plex [(tbbpy)2Ru(tpphz)]
2++ (Rutpphz; tbbpy=4,4’-di-tert-butyl-

2,2’-bipyridine, tpphz= tetrapyrido[3,2-a:2’,3’-c:3’’,2’’-h:2’’’,3’’’-

j]phenazine) was chosen as the chromophoric subunit as it has

A hetero-binuclear dyad that contains a ruthenium polypyridyl

moiety bound through an aromatic bridging ligand to an or-

ganometallic catalytic center has been used for the light-

driven reduction of the N-benzyl-3-carbamoylpyridinium

cation, NAD++, and NADP++ to yield the two-electron-reduced

analog. Direct coupling with enzymatic conversion was proved

by using UV/Vis spectroscopy and liquid chromatography,

which showed cofactor-recycling and enzymatic conversion

with a turnover number of 350 per photocatalyst. First insights

into the complex behavior of the catalytic system under irradi-

ation point towards multiple prerequisites on the molecular as

well as on the macroscopic level to generate highly efficient

semiartificial photo-biocatalytic systems for future energy-stor-

age applications.
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been investigated extensively in terms of photocatalytic hydro-

gen production as well as intramolecular sub-ns electron trans-

fer using Pd or Pt moieties as the catalytic centers.[31,32]

Thus we examined the light-driven reduction of artificial and

biologically utilizable NAD-like cofactors using the hydrogen-

evolving photocatalyst [(tbbpy)2Ru(tpphz)Rh(Cp*)Cl]Cl(PF6)2
(RutpphzRhCp*) described previously,[33] the molecular struc-

ture of which is depicted in Scheme 1.

Results and Discussion

To test the photocatalytic activity of RutpphzRhCp* for nicoti-

namide cofactor reduction, initial experiments were performed

using N-benzyl-3-carbamoylpyridinium cation (BNA++) as a con-

venient structural analog for biologically active compounds.

Irradiation (l=470 nm) of a solution that contained

RutpphzRhCp*, BNA++, triethylamine (TEA), and NaH2PO4 in de-

gassed H2O/MeCN (1:1, v/v) under an Ar atmosphere led to the

spectral changes shown in Figure 1. The band that increases in

intensity at l=355 nm is characteristic of the formation of a

reduced species derived from BNA++.[24a] After 3.5 h, a conver-

sion of nearly 80% was obtained, calculated by the increase of

the absorbance at l=355 nm relative to that in the initial

spectrum (e355 nm(BNAH)=7240 Lmol@1cm@1, taken from

Ref. [24a]). This correlates to a turnover number (TON) of 39

after 3.5 h with a maximum TOF of almost 15 h@1.

Moreover, an induction phase is observed (Figure S1) and

the catalyst TOF reaches its maximum after 90 min with a sub-

sequent slight slope. This could be interpreted as the forma-

tion of the active catalyst in the first few minutes of irradiation

and a substrate limitation of the catalysis at the end of the

process. The band that increases in intensity at l=650 nm,

which leads to a color change from orange to green during

catalysis, was ascribed previously to the reduction of the tpphz

bridging ligand upon irradiation.[33] Furthermore, the accumula-

tion of reduced BNA species was not observed in the dark or

in the absence of RutpphzRhCp*. Similar changes as those

shown in Figure 1 were found using NAD++ and NADP++ as sub-

strates under otherwise identical conditions (Figures S2 and

S3). The fundamental ability of RutpphzRhCp* to produce the

reduced cofactor photocatalytically does not depend on the

group attached to the N atom but depends on the presence

of the m-carbamoyl pyridiniumion moiety itself.[11]

Additionally, in contrast to the hetero-binuclear complex

[(tbbpy)2Ru(tpphz)PdCl2](PF6)2 reported previously,[31a] photoca-

talysis using RutpphzRhCp* is not inhibited by the presence of

excess chloride ions, which was proved by an experiment in

which BNA++ was reduced with a similar TOF in the presence

and absence of a 5000 times excess of NaCl (Figure S4).

Furthermore, on–off experiments revealed that the catalyti-

cally active species is highly reactive with respect to BNA++

(Figure 2). After we switched off the light source, no further in-

crease in the absorbance at l=355 nm was detected. This in-

dicates that in the presence of a suitable substrate such as

BNA++, which would react in the dark with the cofactor analog,

no accumulation of the catalytically active species is possible.

Therefore, the formation of the catalytically active species

seems to be the rate-determining step of the overall process.

Surprisingly, control reactions performed with Rutpphz in-

stead of RutpphzRhCp* led to similar spectral changes as ob-

Scheme 1. Molecular structures of the hetero-binuclear photocatalyst

RutpphzRhCp* and the oxidized (BNA++) and 1,4-reduced (BNAH) nicotina-

mide cofactor analogs.

Figure 1. Changes of the UV/Vis spectra during the irradiation of a catalytic

mixture that contained RutpphzRhCp* (10 mm), BNA++ (0.5 mm), TEA (0.1m),

and NaH2PO4 (0.1m) in degassed MeCN/H2O=1:1 (v/v) under an Ar atmos-

phere with blue light (l=470 nm, 50:2 mWcm@2).

Figure 2. On–off experiment for the photocatalytic reduction of BNA++

(c=0.5 mm) using RutpphzRhCp* (c=10 mm) in a solution of MeCN/

H2O=1:1 (v/v) that contained TEA (c=0.1m) and NaH2PO4 (c=0.1m) ; UV/Vis

spectra at different points in time and the corresponding changes in the ab-

sorbance at l=355 nm. The blue arrows indicate that the light source (one

blue LED stick, l=470 nm, 50:2 mWcm@2) is switched on, and the black

arrows show that it is switched off.
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served in Figure 1. By the irradiation of a typical catalytic mix-

ture described above, bands that increased in intensity at ap-

proximately l=350 nm in the presence of BNA++, NAD++, or

NADP++ (Figures S5–S7) were observed. Although it operated

more slowly than RutpphzRhCp*, we first believed that the

photoreducible tpphz ligand in Rutpphz may play a role as a

hydride mediator to produce the 1,4-reduced product from

the three substrates. To test this hypothesis, we performed a

typical catalytic run without the addition of BNA++ (Figure S8).

The loss of the two sharp bands at approximately l=365 and

385 nm during illumination indicated the photoreduction of

the tpphz ligand in the presence of TEA as the electron donor,

as these two bands are ascribed to p!p* and n!p* transi-

tions of the fully aromatic system.[33]

To validate if the tpphz ligand in Rutpphz plays a crucial role

in the transfer of reducing equivalents to BNA++, [Ru(tbb-

py)3](PF6)2 was tested under similar photocatalytic conditions

as described above. A band that increases in intensity at ap-

proximately l= 350 nm was observed in the presence of BNA++

(Figure 3a), whereas in its absence only the photodegradation

of [Ru(tbbpy)3](PF6)2 was observed (Figure 3b), indicated by

the decreased absorbance of the metal-to-ligand charge trans-

fer (MLCT) band at l=450 nm with the increasing irradiation

time.

Although the homoleptic complex is able to generate re-

duced BNA species too, the efficiency of this process is lower

than that of Rutpphz. Despite the photolability of [Ru(tbb-

py)3](PF6)2, this result is a surprise as Rutpphz would feature a

smaller driving force for electron transfer onto a substrate be-

cause of its low-lying tpphz-based LUMO.[31a,34] An attractive

explanation for this behavior could be the overcompensation

of the lower reduction potential of Rutpphz by the formation

of a p–p-interaction-mediated supramolecular aggregate with

BNA++ through the planar tpphz ligand and the aromatic sys-

tems of the cofactor analog.

This is demonstrated by using concentration-dependent
1H NMR spectroscopy. With an increasing amount of BNA++, the

tpphz-based signals of Rutpphz shift predominantly (Fig-

ure S9). This is in line with similar results obtained by p–p

stacking between pyrene and Rutpphz.[35]

However, [Ru(tbbpy)3](PF6)2 does not exhibit similarly effec-

tive interactions with BNA++, which is indicated by the constant
1H NMR spectroscopic shifts of the tbbpy signals upon the in-

crease of the concentration of the cofactor analog (Figure S10).

This supports the hypothesis discussed above for the excellent

electron transfer onto BNA++ using Rutpphz by the formation

of a p–p-interaction-mediated aggregate.

However, the results obtained for the catalytic processes

using RutpphzRhCp*, Rutpphz, and [Ru(tbbpy)3](PF6)2 as photo-

redox active molecules by using UV/Vis spectroscopy revealed

that the fundamental photocatalytic activity of the three com-

plexes with respect to BNA++ may simply be related to the pho-

tochemistry of the ruthenium polypyridyl complexes in the

presence of a sacrificial electron donor such as TEA.

As it is known that the 1,4-dihydro forms (BNAH, NADH,

NADPH) and the different possible dimeric structures ((BNA)2,

(NAD)2, (NADP)2) obtained by single-electron transfer onto the

substrate and successive radical coupling show similar absorp-

tion profiles,[36] discrimination of the photoproducts by this

method is not possible.[29] Therefore, an enzymatic assay was

used to test if the mononuclear complexes Rutpphz and

[Ru(tbbpy)3](PF6)2 as well as RutpphzRhCp* were able to pro-

duce the biologically relevant two-electron-1,4-reduced form

of the nicotinamide cofactors as only this species would be

consumed enzymatically.

For this purpose, a mixture of Rutpphz, [Ru(tbbpy)3](PF6)2, or

RutpphzRhCp* (c=10 mm), NAD++ (c=0.96 mm), sodium pyru-

vate (c=10 mm), MgCl2 (c=8.5 mm), and triethanola-

mine (TEOA; c=0.2m) in MeCN/H2O (1:99, v/v,

pH 8.7) in the presence of lactate dehydrogenase

(LDH; 5 kUmL@1) under an Ar atmosphere was irradi-

ated with a light-emitting diode (LED) stick (l=

470 nm, 50:2 mWcm@2) from the bottom of the

standard quartz cuvettes that were used as reaction

vessels. From the fast hydrolysis of the Rh@Cl bond

and the determined pKa value of the Rh-bound aquo

ligand in similar systems,[37] the resting state of the

photocatalyst might be described best by a

RhCp*(OH) moiety at the catalytic center. Although

the higher s-donating ability of the hydroxo ligand

compared to an aquo ligand might influence the in-

tramolecular electron transfer kinetics, RutpphzRhCp*

behaves as expected for an efficient catalyst that pro-

duces the biologically consumable reduced cofactor.

Almost no accumulation of reduced NAD species can

be observed in the presence of LDH (Figure 4a),

which is indicated by the negligible change of the re-

corded UV/Vis spectrum upon the irradiation of the

sample, whereas in the absence of LDH an increase

of the intensity of the product absorbance at l=

Figure 3. a) Changes of the UV/Vis spectra during 4 h of irradiation of a solution that

contains [Ru(tbbpy)3](PF6)2 (c=10 mm), BNA++ (c=0.5 mm), TEA (c=0.1m), and NaH2PO4

(c=0.1m) in degassed MeCN/H2O=1:1 (v/v) under an Ar atmosphere with blue light

(l=470 nm, 50:2 mWcm@2). b) Changes of the UV/Vis spectra upon the irradiation of

the solution described above without BNA++.
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340 nm is observed (Figure 4b). After 17 h, HPLC was used to

show that in the presence of LDH, 3.5 mm of lactate was

formed. This correlates to a TON of 350 and an average TOF of

20 h@1 with respect to the photocatalyst RutpphzRhCp* (Fig-

ure S11).

As NAD++ was used in a concentration of 0.96 mm, cofactor-

recycling was obtained. In the course of irradiation, each NAD++

molecule was reduced on average more than 3.5 times. For

the reduction of oxidized nicotinamides, the active catalyst has

been proposed to be Rh@H[11,12] or, as suggested previously, a

reduced Cp* moiety formed after proton transfer from the Rh

center to a C atom of the aromatic ligand.[38,39]

However, in the absence of LDH no lactate was detected,

which indicates that the catalytically active species is not able

to reduce the keto group of pyruvate in a significant amount

itself.[40] As no stereo information exists in RutpphzRhCp* prox-

imate to the catalytic center, furthermore, we would expect

the formation of a racemic lactate mixture.[41]

Similarly no lactate was found after 17 h if the same sample

was stored in the dark or if RutpphzRhCp* was absent, which

shows that the overall photo-biocatalytic process is driven by

the visible-light-induced photoredox catalysis of the hetero-bi-

nuclear complex to provide enzymatically consumable reduc-

ing equivalents for LDH.

The enzymatic test for Rutpphz and [Ru(tbbpy)3](PF6)2 re-

vealed that lactate was not produced in the presence or ab-

sence of LDH (Figure S12). Consistent with this finding, the in-

crease of the intensity of the band at l=340 nm was nearly

the same for both mononuclear complexes, irrespective of the

presence of LDH (Figures S13 and S14). Therefore, we conclude

that these two complexes generate only biologically inactive

reduced NAD species, putatively a mixture of regioisomeric

(NAD)2 dimers.[42] Similar findings have been reported that

highlight the reactivity of oxidized nicotinamide cofactors and

their analogs towards one-electron reduction in the presence

of suitable chromophores.[29,30] A selective hydride transfer of

the photoreduced tpphz ligand in Rutpphz to the 4-position of

the nicotinamide cofactor can, therefore, also be excluded. Ad-

ditionally, we conclude that the same dimer formation is true

for the experiments described above if BNA++ is used as the

substrate and the mononuclear complexes Rutpphz and

[Ru(tbbpy)3](PF6)2 are used as photocatalysts.

To support this hypothesis, 1H NMR spectra measured of re-

action mixtures in which Rutpphz or [Ru(tbbpy)3](PF6)2 were

used as photocatalysts, TEA as the sacrificial electron donor,

and BNA++ as the terminal electron acceptor showed that upon

irradiation with visible light (l=470 nm) the peaks assigned to

BNA++ decrease in intensity and new signals appear (Figur-

es S15 and S16). Although this highlights the ability of rutheni-

um polypyridyl complexes to convert BNA++ photochemically

under appropriate reaction conditions, the 1H NMR spectrum

of freshly synthesized BNAH was not in accordance with the

new peaks that emerge under visible-light irradiation.

These findings together with the enzymatic tests and the re-

sults obtained by following the photocatalysis by using UV/Vis

spectroscopy have a significant impact on the molecular

design of systems for photocatalytic NADH production and

coupled enzymatic transformations using photosensitizers with

high reduction potentials, such as ruthenium polypyridyl com-

plexes. As Rutpphz and [Ru(tbbpy)3](PF6)2 are able to photore-

duce the oxidized nicotinamide cofactors and their artificial an-

alogs, multicomponent systems composed of separated redox

chromophores and [(N,N)Rh(Cp*)X]n++-like catalysts have to be

designed carefully to enable fast electron transfer from the ex-

cited/reduced chromophore to the catalyst to avoid the accu-

mulation of bioinactive dimeric cofactors.

Multimetallic or supramolecular architectures in which the

electron transfer is not limited by diffusion because of a well-

defined preorganization of the chromophore and catalyst are,

therefore, highly relevant alternatives to multicomponent sys-

tems. In multicomponent systems, by virtue of the independ-

ent photochemistry of the long-lived excited/reduced state of

the chromophore with nicotinamide cofactors, the need for in-

termolecular electron transfer would be a source of inefficiency

inherent to the system.

Figure 4. Changes of the UV/Vis spectra during the first 3 h of the irradiation

of a catalytic mixture using one LED stick (l=470 nm, 50:2 mWcm@1@2):

a) the mixture contains RutpphzRhCp* (c=10 mm), NAD++ (c=0.96 mm),

sodium pyruvate (c=10 mm), TEOA (c=0.2m), MgCl2 (c=8.5 mm), and LDH

(5 kUmL@1) in MeCN/H2O=1:99 (v/v, pH 8.7); b) the mixture contains all the

above mentioned compounds except LDH; c) increase in the absorbance at

l=340 nm with respect to the value before the illumination of the catalytic

mixtures described above.
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To detect possible byproducts in the photo-biocatalytic pro-

cesses, we first performed thermal catalysis experiments using

RutpphzRhCp* as the catalyst, NaHCO2 as the hydride donor,

and BNA++ as the hydride acceptor to exclude the negative in-

fluence of the ligand environment around the Rh center on

the well-known and highly selective hydride transfer of

[(N,N)Rh(Cp*)X]n++ complexes for the generation of the 1,4-re-

duced product.[10–12] The band that increases in intensity at l=

355 nm again indicates the formation of a reduced BNA spe-

cies (Figure 5). A TON of 13 after 515 min and a TOF of 1.5 h@1

were calculated, which are significantly lower than those of

the photo-biocatalytic system described above. This again

highlights the potential of light-driven cofactor reduction, as

here the formation of the active catalyst is much less depen-

dent on the temperature. Moreover, compared to the results

of a recent study,[19] the TOF of our formate-driven system is

lower by a factor of 4. As a higher thermal energy content will

have a dramatic effect on the overall BNA++ reduction by facili-

tating the rate-determining step, that is, the generation of the

catalytically active Rh species by b-hydride elimination from

the metal-bound formate,[12] the decreased TOF obtained in

our case can be ascribed to the lower applied temperature.

As the narrow bands of the fully aromatic tpphz ligand at

l=350 and 380 nm remain visible until they diminish under

the increasing product absorbance (Figure 5), hydride transfer

reactions from the initially formed rhodium hydride onto the

tpphz bridging ligand with possible concomitant unselective

hydride transfers onto BNA++ are highly unlikely. Control experi-

ments without RutpphzRhCp* did not result in the formation

of the product band at l=355 nm. To study the product distri-

bution of this thermal process, we measured 1H NMR spectra

under similar conditions (Figure S17). Over time, new peaks

emerge exactly at the positions at which the 1,4-reduced

BNAH synthesized independently exhibits proton resonances.

Therefore, the well-known selective hydride transfer property

of the Rh(Cp*) catalytic center is preserved in RutpphzRhCp*.

For a closer look at the product distribution under irradia-

tion using RutpphzRhCp* as the catalyst, we measured 1H NMR

spectra under catalytic conditions using TEA as the electron

donor and BNA++ as the terminal electron acceptor. Surprisingly,

similar to the experiments performed with the mononuclear

complexes Rutpphz and [Ru(tbbpy)3](PF6)2, no BNAH was de-

tected (Figure S18). These findings were in strong contrast to

the results obtained if we performed the enzymatic assays de-

scribed above as only the 1,4-dihydro form of NADH can be

used by LDH.

A possible explanation for the accumulation of reduced BNA

species different to that of the 1,4-dihydro form BNAH in the

case of RutpphzRhCp* could be the consumption of the

formed BNAH by a one-electron oxidation process that in-

volves the photoexcited Ru chromophore. BNAH is used fre-

quently as a potent sacrificial electron donor in photoredox

catalytic systems because of its higher reduction potential

than common aliphatic amines.[43] In presence of a base, fast

deprotonation of the very acidic formed BNAH radical cation

occurs to generate a neutral radical species that then couples

with a second BNA radical to yield the dimeric BNA species

(BNA)2.
[44,45]

To elucidate if this fast consumption of generated BNAH by

excited chromophores also occurs for RutpphzRhCp*, we mea-

sured 1H NMR spectra using the binuclear complex in the pres-

ence of TEA and BNAH as competing electron donors and

BNA++ as the terminal electron/hydride acceptor. The signal at-

tributed to the two H atoms located para to the N atom in the

heterocycle of BNAH at d=2.97 ppm decreases with increasing

irradiation time relative to the quintet of [D3]MeCN at d=

1.94 ppm (Figure 6 and Figure S19). This shows that in the case

of RutpphzRhCp* the consumption of BNAH also occurs to

generate a mixture of different (BNA)2 dimers.

Figure 5. Changes of the UV/Vis spectra during the thermal BNAH produc-

tion by a mixture that contained RutpphzRhCp* (c=10 mm), BNA++

(c=1 mm), NaHCO2 (c=50 mm) under an Ar atmosphere using degassed

solvents in a ratio of MeCN/H2O=1:9 (v/v) at room temperature.

Figure 6. Changes of the 1H NMR spectra between d=1.4 and 3.2 ppm of a

solution that contains RutpphzRhCp* (c=100 mm), TEA (c=0.1m), NaH2PO4

(c=0.1m), BNA++ (c=10 mm), and BNAH (c=30 mm) under an Ar atmos-

phere using a degassed solvent mixture of [D3]MeCN/D2O=1:1 (v/v). Spec-

trum 1 was recorded before irradiation and spectra 2, 3, and 4 were record-

ed after 3, 22, 42 h of irradiation with one LED stick (45–52 mWcm@2) at

room temperature. The intense peak at d=3.05 ppm is attributed to the

methylene group of TEA.
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However, as the enzymatic assay described above proved

that the biologically active 1,4-dihydro NADH was generated

successfully photochemically using RutpphzRhCp*, the re-

duced cofactor was consumed faster enzymatically than by the

excited binuclear complex.

These results lead to a second important design parameter

of semiartificial photo-biocatalytic systems using NAD(P)++ as

the photocatalytically recyclable hydride mediator, which is

that the enzymatic transformation has to be significantly faster

than the unproductive consumption of the generated NAD(P)H

by the excited or photo-oxidized photosensitizer. This could be

achieved on the molecular scale by choosing an enzyme that

operates quickly for redox biocatalysis and on a macroscopic

level by a precise control over the mass flow in the reaction

vessel or by the immobilization of multinuclear photocatalysts

on semiconductor electrode surfaces. The latter system would

inhibit the quenching of the photoexcited chromophores by

the photocatalytically generated reduced nicotinamide cofac-

tors for steric reasons as well as because of a fast regeneration

of the oxidized chromophore with an electron from the va-

lence band of the semiconductor.[46,47] Moreover, by immobiliz-

ing enzymes on microparticles,[48] this approach would also

allow the spatial separation of the photo- and biocatalyst,

which are prone to mutual inhibition.[49,50]

From the results of the experiments described above, a ra-

tional reaction scheme can be drawn. The binuclear photocata-

lyst RutpphzRhCp* is able to use TEA under visible-light irradia-

tion as a sacrificial electron donor to generate the bioactive re-

duced cofactor (CFred) from its oxidized analog (CFox ;

Scheme 2a). In the presence of an enzyme that works efficient-

ly, CFred is reconverted immediately to CFox, which can then be

reused by RutpphzRhCp* as a hydride acceptor. These coupled

processes allow the photocatalytic recycling of nicotinamide

cofactors and the use of substochiometric cofactor amounts

for enzymatic substrate conversions. In the absence of an

enzyme, the CFred produced initially is no longer reconverted

to CFox and, by virtue of its function as a potent sacrificial elec-

tron donor, CFred undergoes a one-electron oxidation with

RutpphzRhCp* to yield the radical cationic species, which cou-

ples after deprotonation with a second neutral nicotinamide

cofactor radical (CFrad) to one of the regioisomeric dimeric spe-

cies CFdim.
[42]

Rutpphz and [Ru(tbbpy)3](PF6)2 are unable to generate CFred
because of the lack of an appropriate catalytic center that

guides the stored reducing equivalents selectively to the 4-po-

sition of the heterocycle (Scheme 2b). Therefore, the mononu-

clear compounds only yield CFrad under irradiation, which

couple to the enzymatically unusable CFdim.

Although the dimeric (BNA)2 species exhibits an even higher

reduction potential than BNAH, previous reports suggest that

the (BNA)2 radical cationic species, generated by photo-oxida-

tion with a ruthenium polypyridyl chromophore, decompose

only very slowly.[51] Therefore, electron back-transfer occurs

very efficiently, and (BNA)2 represents the final product of pho-

tocatalysis as shown in Scheme 2.

Hence semiartificial photo-biocatalytic systems have to be

designed with great care as the continuous accumulation of

CFdim represents an irreversible loss pathway that leads ulti-

mately to an inefficient enzymatic substrate conversion be-

cause of the ever-dwindling CFox amount (Figure S19) even in

the presence of a great excess of a sacrificial electron donor

with a lower reduction potential than that of CFred.

A further possible byproduct during the photo-biocatalytic

process is H2, which cannot be detected by using standard UV/

Vis or 1H NMR spectroscopy. Therefore, photocatalytic hydro-

gen production under conditions for the initial BNA++ photore-

duction experiments described above was studied by using GC

(MeCN/H2O=1:1, v/v; c(TEA)=0.1m, c(NaH2PO4)=0.1m ;

c(RutpphzRhCp*)=10 mm). After 100 h, a TON of only 3 was

achieved. In the presence of 100 equivalents of BNA++, a de-

layed onset of hydrogen production and a reduced TON of 0.4

was observed. Moreover, within the time span of the photo-

biocatalysis experiments described above, no hydrogen was

detected, which indicates that under the applied conditions

BNA++ is favored more strongly than H++.

Conclusions

With [(tbbpy)2Ru(tpphz)]
2++ (tbbpy=4,4’-di-tert-butyl-2,2’-bipyri-

dine, tpphz= tetrapyrido[3,2-a:2’,3’-c:3’’,2’’-h:2’’’,3’’’-j]phena-

zine), we present for the first time a well-defined binuclear ar-

chitecture that is able to reduce nicotinamide cofactors into

their biologically active forms under visible-light irradiation.

Herein the rate-determining step of the process is the light-

driven generation of the catalytically active species. Moreover,

[(tbbpy)2Ru(tpphz)Rh(Cp*)Cl]Cl(PF6)2 (Cp*=pentamethylcyclo-

pentadienyl ; RutpphzRhCp*) was able to power the lactate de-

hydrogenase catalyzed transformation of pyruvate to lactate in

a proof-of-concept system with a total turnover number of 350

per photocatalyst. Therefore, substochiometric amounts of

Scheme 2. Possible reaction pathways under visible-light irradiation using

a) RutpphzRhCp* and b) Rutpphz and the same pathway is proposed for

[Ru(tbbpy)3](PF6)2 ; CFox=oxidized nicotinamide cofactor, CFred= reduced nic-

otinamide cofactor (1,4-dihydro form), CFrad= radical nicotinamide cofactor

species, CFdim=dimeric nicotinamide cofactor species, S= substrate for bio-

catalysis, P=product of the photo-biocatalytic process.
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NAD++ could be used if an internal cofactor-recycling system is

implemented.

Furthermore, comparison studies indicated that

RutpphzRhCp* exhibits a much higher activity for nicotinamide

cofactor reduction than hydrogen evolution under the applied

conditions. This suggests unequal mechanistic pathways with

respect to the formation of the two different products.

First insights into the intertwined photocatalytic reaction

pathways with the use of mono- and bimetallic ruthenium

polypyridyl complexes in the presence of nicotinamide cofac-

tor analogs point towards design criteria for semiartificial

photo-biocatalytic systems. These arise from the fact that mul-

ticomponent systems with separated photo- and catalytic cen-

ters exhibit a potential source of error by design. Within the

prolonged lifetime of the highly reactive excited or photore-

duced chromophore because of the collision-induced electron

transfer from the photo- to the [(N,N)Rh(Cp*)X]n++ (N,N=N,N-

chelating ligand) catalytic center, a one-electron reduction of

the oxidized nicotinamide cofactors may occur to lead, finally,

to the end of productive photo-biocatalysis by the continuous

accumulation of dimeric species. Hence the combination of oli-

gonuclear photocatalysts with fast enzymes could be a promis-

ing approach for the future design of efficient photo-biocata-

lytic systems.

Especially in the context of solar fuel production and CO2

storage,[52,53] photo-biocatalysis is intrinsically superior to for-

mate-driven cofactor reduction as in the latter approach the

formation of one molecule of NADH would always liberate one

molecule of CO2.

Experimental Section

Detailed information with regard to the synthesis of the com-

pounds, sample preparation, and execution of the photocatalysis

experiments can be found in the Supporting Information.
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1. Chemicals 

[Ru(tbbpy)2(tpphz)](PF6)2,
[1]

 [Ru(tbbpy)2(tpphz)Rh(Cp*)Cl]Cl(PF6)2
[2]

 , [Ru(tbbpy)3](PF6)2
[3]

, BNA
+
Br

-[4]
 

and BNAH
[4]

 were synthesized according to literature procedures. Acetonitrile, triethylamine (TEA), 

NaH2PO4, NAD
+
, water (HPLC-grade; only for the photobiocatalyic experiments), MgCl2, 

triethanolamine (TEOA), L-lactic acid dehydrogenase (LDH) from rabbit muscle (Type II), sodium 

pyruvate, sodium L-lactate, NaOH, and H2SO4 were purchased from commercial suppliers and used 

without further purification. 

 

 

Molecular structures of the mononuclear complexes [Ru(tbbpy)3](PF6)2 [Ru(tbbpy)2(tpphz)](PF6)2, the 

heterodinuclear complex [Ru(tbbpy)2(tpphz)Rh(Cp*)Cl]Cl(PF6)2 and the cofactor analogs BNA
+
Br

-
 and 

BNAH. 

 

2. Instrumentation 

UV-vis spectra were recorded on a JASCO V-670 at room temperature using quartz cuvettes with a 

screw cap and path length of 10 mm. For the determination of enzymatic turnover the product (L-

lactate) concentrations were analyzed using a Hitachi HPLC system equipped with a L2130 gradient 

pump, a L2200 column oven, a L2350 auto sampler, a L2400 UV detector, and a Nucleo Sugar 810H 

column (Macherey & Nagel). The mobile phase was 0.01 M H2SO4 with a flow rate of 0.5 ml min
-1

, the 

column temperature was 40 °C, the sample volume 5 µL, and absorbance was recorded at 210 nm. 

Calibration was performed using a serial dilution of a 50 mM L-lactate solution. The amount of 

produced hydrogen was determined by headspace gas chromatography (GC) on a Bruker Scion SQ 

with a thermal conductivity detector and argon as carrier gas (column: Mol. Sieve 5A 75 m × 

0.53 mm I.D., oven temp. 70 °C, flow rate 25 mL min
−1

, detector temp. 200 °C). The GC was calibrated 

by injecting different volumes of pure hydrogen gas.  
1
H-NMR (400.13 MHz) spectra were recorded using a Bruker DRX 400 spectrometer. All spectra were 

recorded at 298 K. NMR chemical shifts were referenced to the solvent peak of acetonitrile at 

 = 1.94 ppm if the volumetric MeCN-d3 amount was larger or equal to 50% of the whole solvent 

system. In the case of a predominantly water based solvent system (larger than 50% volumetric), 

NMR chemical shifts were referenced to the HDO residual peak at  = 4.79 ppm. 
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3. Preparation of catalytic mixtures 

Preparation of catalytic mixtures for BNA
+
-, NAD

+
-, and NADP

+
-reduction and procedure of catalysis 

In a 22 mL Schlenk tube 6 mL of a degassed catalytic mixture were prepared. To reach a final catalyst 

concentration of 10 M, 0.097 mg [Ru(tbbpy)2(tpphz)Rh(Cp*)Cl]Cl(PF6)2, 0.079 mg 

[Ru(tbbpy)2(tpphz)](PF6)2 or 0.066 mg [Ru(tbbpy)3](PF6)2 were added first via a dichloromethane stock 

solution and the solvent was removed in vacuo. After that 72 mg NaH2PO4 (final concentration of 

0.1 M) and the appropriate amount of BNA
+
, NAD

+
, NADP

+
 was added. Afterwards this mixture of 

solids was put under an argon atmosphere using standard Schlenk techniques. Then 2.96 mL of 

degassed acetonitrile (1 mL of each solvent was degassed for 1.5 min with argon), 2.96 mL of 

degassed deionized water and 83 L of degassed triethylamine (reaching a final concentration of 

0.1 M) were added (in this sequence). The pH value of this catalytic mixture was estimated to be 

around 8.7 as the pH value determination of the aqueous mixture (c(NaH2PO4) = c(TEA) = 0.1 M) 

using a pH electrode gave pH = 8.7.  

2.4 mL of the final catalytic mixture were transferred to a cuvette under argon atmosphere and 

sealed with a screw cap. Then the cuvette was placed in a custom made reactor with ventilators for 

air cooling and illuminated with one LED stick ( = 470 nm, 50 ± 2 mW/cm
2
) at room temperature 

from the bottom side (see below). At certain points in time, illumination was interrupted for the 

recording of an UV-vis spectrum. 

 

 

Cuvettes containing the above described catalytic mixture in a custom made reactor with two ventilators on each side; 

illumination of these reaction vessels was performed from the bottom side with a blue LED stick ( = 470 nm, 

50 ± 2 mW/cm
2
). 
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Preparation of catalytic mixtures for photobiocatalysis coupling NADH regeneration to the 

enzymatic reduction of pyruvate to lactate 

In a 22 mL Schlenk tube 5 mL of a degassed catalytic mixture were prepared. To reach a final catalyst 

concentration of 10 M, 0.081 mg [Ru(tbbpy)2(tpphz)Rh(Cp*)Cl]Cl(PF6)2, 0.066 mg 

[Ru(tbbpy)2(tpphz)](PF6)2 or 0.055 mg [Ru(tbbpy)3](PF6)2 were added first via a dichloromethane stock 

solution and the solvent was removed in vacuo. Under argon atmosphere 50 L of degassed 

acetonitrile and afterwards 4950 L of a degassed aqueous solution (containing 2 mL 500 mM TEOA 

buffer (pH 8.7 adjusted with NaOH), 1895 µL H2O, 100 µL 48 mM NAD
+ 

solution, 250 µL 170 mM 

MgCl2 solution, 250 µL 100 mM pyruvate solution and 5 µL of a 5 kU/µL LDH-solution (the LDH 

solution was prepared by dilution of the purchased LDH preparation with 100 mM TEOA-buffer, pH 

7.6)) were transferred in the Schlenk tube. 2.4 mL of the final catalytic mixture were transferred to a 

cuvette under argon atmosphere and sealed with a screw cap. Then the cuvette was placed in a 

custom made reactor with ventilators for air cooling and illuminated with a blue LED stick 

( = 470 nm, 50 ± 2 mW/cm
2
) at room temperature from the bottom side. At certain points in time, 

illumination was interrupted for the recording of an UV-vis spectrum. 

Preparation of the catalytic mixtures for H2 generation and procedure of hydrogen 
detection 
 

Photocatalytic hydrogen production was carried out under an argon atmosphere by preparing the 

catalytic mixture using degassed solvents in a 22 mL Schlenk tube. The 8 mL solution contained 

3.95 mL MeCN, 3.95 mL H2O, 0.11 mL TEA (c = 0.1 M), 96 mg NaH2PO4 (c = 0.1 M) and 0.91 mg 

RutpphzRhCp* (c = 10 M). The Schlenk tube was sealed with a septum and mounted into a custom-

made air-cooling apparatus. The irradiation was performed with one LED stick ( = 470 nm, 45-

50 mW cm
-2

) at room temperature (20 °C). To determine the amount of produced hydrogen, 

headspace gas chromatography was used by injecting volumes of 100 L into the GC apparatus at 

different points in time. 

For the hydrogen evolution catalysis under conditions present in the photobiocatalysis experiments, 

solutions (V = 6 mL) as above described (see “Preparation of catalytic mixtures for photobiocatalysis 

coupling NADH regeneration to the enzymatic reduction of pyruvate to lactate”) were transferred in 
a 22 mL Schlenk tube and irradiated and handled as above described.  
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4. Figures 

For the determination of TONs, TOFs and conversion percentage from UV-vis spectra the following 

molar extinction coefficients were used: 

355nm
(BNAH) = 7240°L mol

-1
 cm

-1 [5]
; 340nm

(NADH, NADPH) = 6230 L mol
-1

 cm
-1 [6]

 

 

 

Figure S1: TON (n(cat)/n(BNAH); blue diamonds) and TOF (TON/irradiation time; red squares) values of the photocatalytic 

reduction of BNA
+
 (c = 0,5 mM) using RutpphzRhCp* (c = 10 M) in a solution of MeCN:H2O = 1:1 (v:v) containing TEA 

(c = 0.1 M) and NaH2PO4 (c = 0.1 M). 
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Figure S2: UV-vis spectroscopic changes during the photocatalytic reduction of NAD
+
 (c = 1 mM) using RutpphzRhCp* 

(c = 10 M) in a solution of MeCN:H2O = 1:1 (v:v) containing TEA (c = 0.1 M) and NaH2PO4 (c = 0.1 M). 

 

 

 

Figure S3: UV-vis spectroscopic changes during the photocatalytic reduction of NADP
+
 (c = 0,5 mM) using RutpphzRhCp* 

(c = 10 M) in a solution of MeCN:H2O = 1:1 (v:v) containing TEA (c = 0.1 M) and NaH2PO4 (c = 0.1 M). 
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Figure S4: a) UV-vis spectroscopic changes during the photocatalytic reduction of BNA
+
 (c = 0,5 mM) using RutpphzRhCp* 

(c = 10 M) in a solution of MeCN:H2O = 1:1 (v:v) containing TEA (c = 0.1 M) and NaH2PO4 (c = 0.1 M); the aqueous phase 

exhibits a pH of 8.7; b) UV-vis spectroscopic changes during the photocatalytic reduction of BNA
+
 (c = 0,5 mM) using 

RutpphzRhCp* (c = 10 M) in a solution of MeCN:H2O = 1:1 (v:v) containing TEA (c = 0.1 M), NaH2PO4 (c = 0.1 M) and NaCl 

(c = 0.05 M); the aqueous phase exhibits a pH of 8.7; c) Diagram showing the time-dependent BNA-conversion of 

experiment a) (red diamonds) and experiment b) (blue diamonds). 

a) 

b) 

c) 
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Figure S5: UV-vis spectroscopic changes during the photocatalytic reduction of BNA
+
 (c = 1 mM) using Rutpphz (c = 10 M) 

in a solution of MeCN:H2O = 1:1 (v:v) containing TEA (c = 0.1 M) and NaH2PO4 (c = 0.1 M). 

 

 

 

 

Figure S6: UV-vis spectroscopic changes during the photocatalytic reduction of NAD
+
 (c = 1 mM) using Rutpphz (c = 10 M) 

in a solution of MeCN:H2O = 1:1 (v:v) containing TEA (c = 0.1 M) and NaH2PO4 (c = 0.1 M). 



 

9 

 

Figure S7: UV-vis spectroscopic changes during the photocatalytic reduction of NADP
+
 (c = 0,5 mM) using Rutpphz 

(c = 10 M) in a solution of MeCN:H2O = 1:1 (v:v) containing TEA (c = 0.1 M) and NaH2PO4 (c = 0.1 M). 

 

 

 

Figure S8: UV-vis spectroscopic changes upon irradiation of a typical catalytic mixture using Rutpphz (c = 10 M) in a 

solution of MeCN:H2O = 1:1 (v:v) containing TEA (c = 0.1 M) and NaH2PO4 (c = 0.1 M). The spectra at 5 and 15 minutes look 

nearly the same as the spectrum at 30 min and are therefore hidden by the latter. 
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Figure S9: Concentration dependent 
1
H-NMR spectra of Rutpphz (c = 2 mM) with the following concentrations of BNA

+
: 

1)  0 mM, 2)  4 mM, 3)  10 mM, 4)  20 mM, 5)  50 mM in MeCN-d3:D2O = 9:1 (v:v). The peak assignment is based on 

literature.
[2]

 The red circles highlight the peaks that evolve from BNA
+
. The black arrows indicate the concentration 

dependent peak shifts upon increasing concentration of BNA
+
. 

 

 

 

 

 



 

11 

 

 

Figure S10: Concentration dependent 
1
H-NMR spectra of [Ru(tbbpy)3](PF6)2 (c = 1 mM) with the following concentrations of 

BNA
+
: 1)  0 mM, 2)  5 mM, 3)  10 mM, 4)  25 mM, MeCN-d3:D2O = 9:1 (v:v). The red circles highlight the peaks that evolve 

from BNA
+
. 
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Figure S11: HPLC chromatograms of a) Solution of pyruvate and lactate with concentrations of each c = 1 mM; b) Before 

irradiation of a catalytic mixture containing RutpphzRhCp* (c = 10 M), NAD
+
 (c = 0.96 mM), sodium pyruvate (c = 10 mM), 

TEOA (c = 0.2 M), MgCl2 (c = 8.5 mM) and LDH (5 U/ml) in MeCN:H2O = 1:99 (v:v, pH = 8.7); c) After 17 h of irradiation of this 

solution. 

a) 

b) 

c) 
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Figure S12: HPLC-Chromatograms of a) Solution containing Rutpphz (c = 10 M), NAD
+
 (c = 0.96 mM), sodium pyruvate 

(c = 10 mM), TEOA (c = 0.2 M), MgCl2 (c = 8.5 mM) and LDH (5 U/ml) in MeCN:H2O = 1:99 (v:v, pH = 8.7) before irradiation 

and b) after 17 h of irradiation; c) Solution containing [Ru(tbbpy)3](PF6)2 (c = 10 M), NAD
+
 (c = 0.96 mM), sodium pyruvate 

(c = 10 mM), TEOA (c = 0.2 M), MgCl2 (c = 8.5 mM) and LDH (5 U/ml) in MeCN:H2O = 1:99 (v:v, pH = 8.7) before irradiation 

and d) after 17 h of irradiation; 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) b) 

c) d) 
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Figure S13: UV-vis spectroscopic changes upon irradiation of solution containing Rutpphz (c = 10 M), NAD
+
 (c = 0.96 mM), 

sodium pyruvate (c = 10 mM), TEOA (c = 0.2 M), MgCl2 (c = 8.5 mM), together with (a) or without (b) LDH (5 U/ml) in 

MeCN:H2O = 1:99 (v:v, pH = 8.7). Diagram c) compares the time dependent growth of the band at 340 nm of experiment a) 

(blue diamonds) and experiment b) (red diamonds). 

a) 

b) 

c) 
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Figure S14: Uv-vis spectroscopic changes upon irradiation of solution containing [Ru(tbbpy)3](PF6)2 (c = 10 M), NAD
+
 

(c = 0.96 mM), sodium pyruvate (c = 10 mM), TEOA (c = 0.2 M), MgCl2 (c = 8.5 mM), together with (a) or without (b) LDH 

(5 U/ml) in MeCN:H2O = 1:99 (v:v, pH = 8.7). Diagram c) compares the time dependent growth of the band at 340 nm of 

experiment a) (blue diamonds) and experiment b) (red diamonds). 

a) 

b) 

c) 
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Figure S15: 
1
H-NMR spectroscopic changes during the irradiation of solution containing Rutpphz (c = 10 M), BNA

+
 

(c = 10 mM), TEA (c = 0.1 M), NaH2PO4 (c = 0.1 M) in MeCN-d3: D2O = 1:1 (v:v) under an argon atmosphere (degassed 

solvents); 1) mixture before irradiation, 2) mixture after 20 hours of irradiation, 3) mixture after 66 hours of irradiation, 4) 

mixture after 90 hours of irradiation, 5) mixture after 104 hours of irradiation; irradiation was performed with one LED stick 

(45-52 mW cm
-2

). 6) 
1
H-NMR spectrum of freshly synthesized BNAH under the same solvent conditions (TEA (c = 0.1 M), 

NaH2PO4 (c = 0.1 M) in MeCN-d3: D2O = 1:1 (v:v)). Peak assignments for BNA
+
 (black) and BNAH (orange) are visible in 

spectra 1) and 6), the blue star indicates the residual peak of DCM in all spectra. 
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Figure S16: 
1
H-NMR spectroscopic changes during the irradiation of solution containing [Ru(tbbpy)3](PF6)2 (c = 100 M), 

BNA
+
 (c = 10 mM), TEA (c = 0.1 M), NaH2PO4 (c = 0.1 M) in MeCN-d3: D2O = 1:1 (v:v) under an argon atmosphere (degassed 

solvents); 1) mixture before irradiation, 2) mixture after 15 hours of irradiation, 3) mixture after 21 hours of irradiation, 4) 

mixture after 37 hours of irradiation; irradiation was performed with one LED stick (45-52 mW cm
-2

). 5) 
1
H-NMR spectrum 

of freshly synthesized BNAH under the same solvent conditions (TEA (c = 0.1 M), NaH2PO4 (c = 0.1 M) in MeCN-d3: D2O = 1:1 

(v:v)). Peak assignments for BNA
+
 (black) and BNAH (orange) are visible in spectra 1) and 5), the blue star indicates the 

residual peak of DCM. 
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Figure S17: 
1
H-NMR spectroscopic changes over time of a solution containing RutpphzRhCp* (c = 200 M), BNA

+
 

(c = 10 mM) and NaHCO2 (c = 0.2 M) in MeCN-d3: D2O = 1:4 (v:v) under an argon atmosphere (using degassed solvents); the 

reaction was performed at 40 °C; 1) mixture after 0 hours, 2) mixture after 3 hours, 3) mixture after 6 hours, 4) mixture 

after 12 hours; 5) 
1
H-NMR spectrum of freshly synthesized BNAH under the same solvent conditions (MeCN-d3: D2O = 1:4 

(v:v)). Peak assignments for BNA
+
 (black) and BNAH (orange) are visible in spectra 1) and 5), the red circle the peak 

originating from HCO2
-
, the blue star indicates the residual HDO peak. 
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Fig S18: 
1
H-NMR spectroscopic changes during the irradiation of solution containing RutpphzRhCp* (c = 10 mM), BNA

+
 

(c = 10 mM), TEA (c = 0.1 M), NaH2PO4 (c = 0.1 M) in MeCN-d3:D2O = 1:1 (v:v) under argon atmosphere (degassed solvents); 

the spectra were recorded 1) before irradiation; 2) after 20; 3) after 66; 4) after 90 hours; 5) after 104; 6) after 122 hours of 

irradiation; irradiation was performed with one LED stick (45-52 mW cm
-2

). 7) 
1
H-NMR spectrum of freshly synthesized 

BNAH under the same solvent conditions; for peak assignments see Fig. S15; the blue star indicates a residual peak of DCM. 
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Figure S19 Visible light induced 
1
H-NMR spectroscopic changes of a solution containing  RutpphzRhCp* (c = 100 M), TEA 

(c = 0.1 M), NaH2PO4 (c = 0.1 M), BNA
+ 

(c = 10 mM) and BNAH (c = 30 mM) under argon atmosphere using a degassed 

solvent mixture of MeCN-d3:D2O = 1:1 (v:v). Spectrum 1) was recorded before, spectrum 2) after 3, spectrum 3) after 22 and 

spectrum 4) after 42 hours of irradiation with one LED stick (45-52 mW cm
-2

) at room temperature. The intensive peak at 

3.05 ppm is attributed to the methylene group of TEA, the singulett at 4.30 ppm is attributed to HDO; the blue star 

indicates the DCM residual peak. All signals that belong to BNA
+
 are marked with a black circle, those of BNAH are 

highlighted with an orange one. 
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Abstract: Understanding photodriven multielectron reaction

pathways requires the identification and spectroscopic charac-

terization of intermediates and their excited-state dynamics,

which is very challenging due to their short lifetimes. To the best

of our knowledge, this manuscript reports for the first time on

in situ spectroelectrochemistry as an alternative approach to

study the excited-state properties of reactive intermediates of

photocatalytic cycles. UV/Vis, resonance-Raman, and transi-

ent-absorption spectroscopy have been employed to character-

ize the catalytically competent intermediate [(tbbpy)2Ru
II-

(tpphz)RhICp*] of [(tbbpy)2Ru(tpphz)Rh(Cp*)Cl]Cl(PF6)2
(Ru(tpphz)RhCp*), a photocatalyst for the hydrogenation of

nicotinamide (NAD-analogue) and proton reduction, gener-

ated by electrochemical and chemical reduction. Electronic

transitions shifting electron density from the activated catalytic

center to the bridging tpphz ligand significantly reduce the

catalytic activity upon visible-light irradiation.

Introduction

Solar-driven water splitting to release molecular hydrogen

as a carbon-neutral energy source is an attractive solution to

satisfy the rising global energy demand.[1] Despite consider-

able progress, artificial photosynthesis does not reach its full

potential in sustainably converting solar energy into chemical

energy. Attempts to develop visible-light-driven hydrogen-

evolution catalysts generally include a photosensitizer for

light harvesting, an inter- or intramolecular electron relay to

achieve charge separation, and a catalytic center for hydrogen

generation. Many approaches for heterogeneous and homo-

geneous systems have been established and spectroscopically

studied to elucidate the reaction mechanism and to explore

the factors determining the catalytic activity.[2] However,

intramolecular photocatalytic reactions often involve com-

plex multi-step reactions with short-lived and highly reactive

intermediates. Since water splitting is an inherent multi-

electron process, elucidation of the properties of the redox-

activated intermediates is of paramount importance to

understanding the overall catalytic activity. The identification

of those intermediates and their excited-state processes

within the electron-transfer cascades are of fundamental

importance for an understanding of the catalytic mechanism

and the identification of competing deactivation pathways.

Therefore, detailed knowledge with respect to the structure,

photophysical properties, and photoinduced dynamics of

short-lived photoexcited intermediates is of utmost impor-

tance to develop highly active and stable photocatalysts for

hydrogen production and other uses.

Therefore, the presented work investigates these inter-

mediates which result from photoexcitation and subsequent

electron transfer by spectroelectrochemical methods (UV/Vis

absorption and resonance-Raman (rR) spectroscopy) in

combination with quantum-chemical simulations.[3] rR spec-

troscopy is specifically suitable to identify the initially photo-

excited state because only those vibrations are enhanced that

are connected to structural changes coupled to the electronic

transition.[4] Time-resolved transient absorption (TA) spec-

troelectrochemistry (SEC) enables the investigation of the

photoinduced electron transfer in intermediates of the

catalytic cycles on femto-to-nanosecond timescales.

Here, we combine rR- and TA-SEC with the photo-

catalytic characterization of a key intermediate in the photo-

catalytic cycle of [(tbbpy)2Ru(tpphz)Rh(Cp*)Cl]Cl(PF6)2
(Ru(tpphz)RhCp*) (Figure 1A, structure on the left).[5] The

catalyst features a RuII chromophore, a tetrapyridophenazine
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(tpphz) bridging ligand, and a RhIII(Cp*)Cl catalytic center.

In the presence of sacrificial electron donors, it photocatalyti-

cally reduces nicotine amides, which are biologically usable

NAD-like (nicotinamide adenine dinucleotide) cofactors

(Figure 1A).[6] The preorganized structure of the chromo-

phore and the catalyst prevents the formation of bioinactive

NAD(P) dimers.[6, 7] Additionally, catalytic hydrogen evolu-

tion was observed for more than six times longer (650 hours)

than for structurally similar tpphz-bridged photocatalysts.[2c,8]

However, the use of Ru(tpphz)RhCp* as a photocatalyst for

hydrogen production shows a catalytic activity much lower

than for NAD+ reduction. Thus, the study presented here

focuses on the mechanism of the light-driven reduction of

NAD-like cofactors. The reductively fully activated inter-

mediate in the respective photocatalytic cycle containing two

reduction equivalents, that is, [(tbbpy)2RuII(tpphz)RhICp*]

(Figure 1, center), is likely formed in presence of an excess of

a sacrificial electron donor upon irradiation with visible light.

Here we exploit electrochemical reduction and chemical

reduction with CoCp2 to form this species. It should be noted

that finding a suitable reductant to access the catalytically

competent intermediate presents a delicate task, because the

respective redox potentials have to be balanced to selectively

reduce the Rh ion only, a task, however, easily accomplished

by electrochemical reduction. The catalytic competence of

the fully reduced Ru(tpphz)RhCp* towards the formation of

reduced nicotine amides is shown (Figure 1).[6] To the best of

our knowledge, we present, for the first time, the results of

early-time photodynamics of electrochemically generated

intermediates of a fully competent photocatalyst, that is, the

doubly reduced Ru(tpphz)RhCp*, under non-catalytic con-

ditions to gain important mechanistic insights into electron-

transfer cascades occurring during the catalytic cycle. These

joint catalytic–spectroscopic mechanistic insights provide

a detailed picture of structure–function–activity correlations

in this class of photocatalysts for artificial photosynthesis.

Results and Discussion

Figure 1 schematically indicates key reaction steps under-

lying the light-driven multielectron proton-coupled hydro-

genation of N-benzylnicotinamide (BNA+) by Ru-

(tpphz)RhCp*. To unravel mechanistic details of the reaction,

specifically the photoinduced reactivity of the key intermedi-

ate (shown in the red box of Figure 1), the photocatalytic

reaction was first monitored by UV/Vis spectroscopy (Fig-

ure 1B). In a second step, the catalytically active species

(Figure 1A, center) was generated by chemical reduction

with CoCp2 and tested for its reactivity (Figure 1C,D and

Figure S18 in the Supporting Information). Here, irradiation

of the chemically doubly reduced Ru(tpphz)RhCp* in

presence of BNA+ significantly hampered the catalytic

turnover, as indicated by comparing the much stronger

absorbance increase at 355 nm (ascribed to the formation of

the reduced product BNAH) in the dark compared to the

same sample under continuous irradiation with visible light.

Finally, the intermediate was prepared in an electrochemical

approach and characterized by UV/Vis, rR-SEC, TA-SEC,

and quantum-chemical simulations. The electrochemical

characterization reveals that the first and second reduction

in Ru(tpphz)RhCp* is located at the Rh ion: The irreversible

reduction at @0.6 V vs. a silver pseudo-reference electrode is

due to a two-electron process in the RhIII/I pair (Figure 2B,

Figure 1. A) Molecular structure of the hetero-binuclear photocatalyst (left). Cleavage of the chloro ligand is observed during the 2e@ reduction,

resulting in a RhI intermediate RuII(tpphz)RhICp* (framed in red). The general mechanism of the light-driven catalytic hydrogenation of N-

benzylnicotinamide (BNA+ to BNAH) is displayed, including various possibilities to generate the fully charged RuII(tpphz)RhICp* (blue:

photocatalytic conditions; green: chemical reduction with CoCp2 ; red: electrochemical reduction). B) UV/Vis-spectroscopic monitoring of the

light-driven (lexc=463 nm) catalytic hydrogenation of a nicotinamide using 20 mm Ru(tpphz)RhCp* in ACN:H2O=1:1 with 0.1m TEA and 0.08m

NaH2PO4. Inset: Calculated catalysis parameters TON and TOF based on the spectroscopic changes at 355 nm induced by the formation of

BNAH. C),D) UV/Vis-spectroscopic changes during addition of 200 mm of the subtrate BNA+ to a solution containing chemically (by CoCp2)

reduced Ru(tpphz)RhCp* during irradiation with a 463-nm LED stick. Insets: Relative absorbance changes at 665 nm and 355 nm with time.
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inset).[9] This process can be explained by two possible

pathways: Either a one-electron reduction is followed by fast

disproportion of the RhII intermediate,[9b] or potential inver-

sion of the redox potential of the RhII/RhI and RhIII/RhII pairs

allows for an ECE (electrochemical reaction, chemical

reaction, electrochemical reaction) process at the applied

potential.[10] The reduction induces a loss of the chloro ligand,

altering the original piano-stool geometry of the RhIII(Cp*)Cl

center in Ru(tpphz)RhCp*, that is, the plane of the cyclo-

pentadienyl ligand is now oriented perpendicular to the tpphz

ligand (Figure 1A, center).[11] In analogy with previous

studies, the reduction at @0.9 V is assigned to the first

reduction of the tpphz ligand (Figure 2B).[5] Ru-

(tpphz)RhCp* exhibits similar absorption properties as the

structurally related compounds Ru(tpphz)PdCl2 and Ru-

(tpphz)PtX2 (X=Cl, I).[3b,12] The different catalytic centers

do not affect the steady-state absorption properties signifi-

cantly.[5, 13] The band at 440 nm is due to metal-to-ligand

charge-transfer (MLCT) transitions from the RuII center to

both the tpphz and the tbbpy ligands (Figure 2B).[12] Bands

between 350 and 400 nm stem from tpphz-centered p–p*

transitions, whereas the sharp band peaking at 286 nm is due

to intra-ligand p–p* transitions located at the Cp* and the

tbbpy moieties. Upon chemical reduction of Ru-

(tpphz)RhCp* by CoCp2, a broad absorption at 650 nm

arises, while the spectral changes in the other spectral regions

remain minute (Figure 2A). The same was observed for the

photochemical reduction of Ru(tpphz)RhCp* in presence of

TEA (Figure S17). These reduction-induced changes are also

apparent upon electrochemical reduction (Figure 2B), which

can be performed at specific potentials enabling a stepwise

reduction of Ru(tpphz)RhCp*. A similar absorption feature

was previously observed for singly reduced Ru(tpphz)PtCl2
and assigned to an intra-ligand p–p* transition of the reduced

tpphz ligand by rR-SEC and TD-DFT simulations (red line,

Figure 2C).[3b] This startling coincidence can be rationalized

considering that photoexcitation of the reduced Ru-

(tpphz)RhCp* may occur at the RhI center, that is, a MLCT

from the RhI to the tpphz ligand occurs. Such a transition is

observed in the same range as intra-ligand p–p* transitions of

the reduced tpphz ligand, as evident from studies on the

model complex (phen)RhICp*.[14] Further evidence is pro-

Figure 2. A) UV/Vis spectrum of the chemically reduced Ru(tpphz)RhCp* (green trace) using CoCp2 as a reducing agent and the spectrum

recorded after reaeration (grey trace) of the solution which regenerates the parent complex. B) Experimental in situ and C) calculated UV/Vis

spectroelectrochemical results of the reduction states of Ru(tpphz)RhCp*. Inset in (B): Cyclovoltammetry of Ru(tpphz)RhCp* in ACN containing

0.1m TBABF4 electrolyte. The applied potentials for the acquisition of the UV/Vis spectra are marked in red and blue (scan rate 100 mVs@1, glassy

carbon working electrode, Pt counter electrode, and Ag/AgCl pseudo-reference electrode). rR excitation and transient-absorption pump

wavelengths are displayed as continuous and dashed vertical lines in the spectra, respectively. D)–F) Experimental rR spectra of non-reduced

(black), electrochemically doubly reduced (red) and chemically reduced (green) Ru(tpphz)RhCp*, excited at 405 (D), 473 (E), as well as 643 and

647 nm (F). Modes assigned to the tbbpy ligands are marked with an asterisk. Inset: rR spectrum of reduced Ru(tpphz)PtCl2, excited at 514 nm,

shown for comparison. Gray-shaded Raman bands are assigned to tpphz vibrations.
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vided by means of quantum-chemical calculations, predicting

bright MLCT transitions into the S7 state at 606 nm (Table S4

and Figure S8) and the T11 state at 652 nm (Table S5 and

Figure S10) for the doubly reduced Ru(tpphz)RhCp* within

singlet and triplet multiplicity, respectively. UV/Vis-SEC

during the third reduction of Ru(tpphz)RhCp* reveals

a strong absorption increase between 500 and 800 nm, which

is related to 2MLCT transitions from RhI to the tbbpy ligands

(D23 and D24) as well as from RhI to the tpphz ligand (D25),

and to the intra-ligand p–p* transition (D28) of the now

reduced tpphz ligand (blue line, Figure 2B and C, see

Supporting Information for details).

To reveal structural changes of Ru(tpphz)RhCp* upon

reduction, rR-SEC was performed at 405, 473, and 643 nm

(Figure 2D–F).[3b,c,4, 12,15] At 405 and 473 nm, MLCT transi-

tions are probed which involve both the tbbpy and the tpphz

ligands around the RuII center.[4,16] In line with previous

studies on closely related complexes, the contribution of the

tpphz ligand to the rR spectra is higher upon 473-nm

excitation as compared to excitation at 405 nm (Figure 2D

and E).[12–13,17]

RhIII/RhI reduction causes only minor changes in the rR

spectra of Ru(tpphz)RhCp* excited at 405 nm (Figure 2D):

The tbbpy-assigned bands at 1320, 1480, and 1540 cm@1

roughly keep their intensity upon reduction, while tpphz-

associated modes decrease notably. Also, the rR spectra

recorded at 473 nm (Figure 2E) show an intensity increase of

tbbpy-related bands, while the intensity of tpphz-associated

bands diminishes. Hence, photoexcitation of the reduced

Ru(tpphz)RhCp* at 405 and 473 nm leads to a tbbpy-MLCT

being populated. Reduction of the Rh-center appears to

impede a MLCT transition to the tpphz ligand. This finding

agrees with the quantum-chemical calculations and a previous

report[18] showing the excess charge at the Rh center to be

partially delocalized on the phenanthroline fragment of the

tpphz ligand (see Figure S15). This charge distribution

apparently inhibits (additional) charge transfer from the RuII

towards the tpphz ligand (Figure S8).

rR-SEC at 643 nm samples the reduction-induced absorp-

tion band at 650 nm, which is characteristic for the doubly

reduced Ru(tpphz)RhCp* (Figure 2B). The rR spectrum at

643 nm is dominated by features which are neither visible

upon excitation at 405 nor 473 nm (Figure 2F). Particularly,

no bands associated with the tbbpy ligands are observed,

pointing to the fact that the reduction-induced transition in

the red part of the UV/Vis absorption spectrum does not

involve excitation of the RuII center and the tbbpy ligands.

Excitation of a RhI
!Cp* transition is unlikely due to the

large electron density of the ligand.[9c,14] However, the 643-nm

rR-SEC spectrum compares to the spectrum of reduced

Ru(tpphz)PtCl2 (Figure 2F, inset). Ru(tpphz)PtCl2 is struc-

turally similar to Ru(tpphz)RhCp*, but the first reduction is

localized on the tpphz ligand instead of the catalytic metal

center.[3b] When comparing the 643-nm rR spectrum of the

reducedRu(tpphz)RhCp*with the respective spectrum of the

reduced RuII(tpphz·@)PtIICl2 excited at 514 nm, it becomes

evident that the bands observed for the reduced Ru-

(tpphz)RhCp* are associated with the tpphz ligand. Hence,

either a RhI
!tpphz MLCT or a tpphz intra-ligand (IL) is

excited at 643 nm. The rR-SEC studies do not allow for

discrimination between these two scenarios. TD-DFT simu-

lations of the doubly reduced Ru(tpphz)RhCp*, both in

singlet and triplet multiplicity, show bright MLCT transitions

from the RhI center to the tpphz ligand, partially mixed with

a local excitation of the tpphz ligand, see S7 (606 nm) and T11

(at 652 nm) in Figure 2C. Furthermore, a bright IL transition

centered on the tpphz ligand (T21), typical for the reduced

tpphz, is predicted by TD-DFT at 548 nm for the doubly

reduced triplet species.

Thus, rR-SEC shows that reduction of the RhIII center in

Ru(tpphz)RhCp* alters the electronic transitions available at

the RuII photocenter, that is, the additional charge density

upon RhIII/RhI reduction becomes partially delocalized over

the tpphz ligand and prohibits further charge-density shift on

the bridging ligand by excitation of a RuII
!tpphz MLCT. For

Ru(tpphz)PtCl2, the transfer of the second electron, which is

indispensable for hydrogen evolution at the Pt center, onto

the tpphz bridging ligand is impeded by the additional charge

localized on the phenazine (phz) moiety.[3b] Contrary to that,

the initial localization of the excited state on the tbbpy ligands

in the doubly reduced Ru(tpphz)RhCp* should not adversely

affect the turnover at the RhCp* moiety since no third

electron is required on the RhI center to promote typical

metal-mediated catalysis.[19]

Resonance Raman experiments upon excitation at

647 nm on the chemically reduced Ru(tpphz)RhCp* (see

Figure 2F) yield identical band pattern as the corresponding

experiment on the electrochemically reduced catalysts. To-

gether with the striking similarities of the respectively

generated UV/Vis spectra (Figure 2A and B), this provides

clear evidence that both approaches yield the same product,

that is, [(tbbpy)2RuII(tpphz)RhICp*]. Furthermore, UV/Vis

spectroscopic investigations also confirms the similarity of the

electrochemically and photochemically generated doubly

reduced Ru(tpphz)RhCp* (Figures 1, 2A, and S17).

Evaluating the Catalytic Competences of

(tbbpy)2Ru
II(tpphz)RhICp*

The reactivity of RuII(tpphz)RhICp* towards the hydro-

genation of N-benzylnicotinamide (BNA+ to BNAH) can be

monitored by the increased absorbance of the product around

355 nm (Figure 1B).[6] Here, we generated the “fully charged”

RuII(tpphz)RhICp* by chemical reduction with CoCp2. Upon

reaction with BNA+ in the dark, formation of BNAH is

apparent by an increased absorbance around 355 nm, the loss

of absorbance of the RhI-tpphz MLCT band around 650 nm

verified the re-oxidation of RhI to RhIII (Figure 1C). Perform-

ing the same reaction under irradiation with an LED at

l= 463: 12 nm (45 mWcm@2) showed only insignificant

changes of the absorption both at 650 and 340 nm (Fig-

ure 1D), that is, no signs for catalytic hydrogenation are

observed.

Thus, we conclude that irradiation of the sample obviously

impairs the competence of the catalyst and limits its overall

efficiency. To identify and trace the deactivation pathway of

the fully charged and competent catalytic species during
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irradiation, transient-absorption experiments will be dis-

cussed in the following.

Femtosecond Time-Resolved Transient-Absorption

Spectroelectrochemistry

Time-resolved transient-absorption experiments investi-

gating the light-induced electron-transfer dynamics on time-

scales of sub-ps to ns are performed as TA-SEC measure-

ments using pump wavelengths of 403, 492, and 600 nm. At

403 and 492 nm, both the parent and the doubly reduced

Ru(tpphz)RhCp* complex absorb (see Figure 2B). The

parent complex shows transient-absorption features reminis-

cent of those observed for related [(tbbpy)2Ru(tpphz)MX2]
2+

(MX2=PdCl2, PtCl2, PtI2) upon MLCT excitation:[2d,13,17] An

instantaneous bleaching of the 1MLCT band reflects the shift

of electron density from the RuII to both tbbpy and tpphz

ligands (Figure 3A). In the latter case, the phenanthroline

(phen) moiety serves as the primary electron-density accept-

or. The 1-ps process contains contributions from 1MLCT!

3MLCT intersystem crossing (ISC), vibrational relaxation,

and an inter-ligand charge transfer (ILCT) from the tbbpy

moiety to the phenanthroline part of the tpphz ligand

(Figures 2D and S16) (Due to the limited temporal resolution

and the spectral congestion of the processes, the individual

contributions cannot be resolved). The phenanthroline-cen-

tered state relaxes into a phenazine-centered 3MLCT state

(t2= 11 ps), which decays with a lifetime of 450 ps (t3 ;

Figures 3D and S16). The assignment of the phenazine-

centered 3MLCT state is based on the broad absorption of the

phenazine radical anion at about 590 nm, which builds up

within 20 ps concomitantly with a slight blue-shift of the

absorption maximum (Figure 3A).

Further evidence for the origin of the excited-state

absorption (ESA) at 590 nm is provided by TD-DFT calcu-

lations addressing the absorption by spin-allowed triplet–

triplet excitations, which reveal a bright 3IL transition at

609 nm centered on the phenazine moiety (see T27 in Fig-

ure 3B). This absorption subsequently loses intensity, in

particular the blue part of the band (Figure 3A and C).

As a result, the 450-ps component in the decay-associated

spectra (DAS) shows no intensity towards the near IR, while

the infinite-time spectrum appreciably absorbs at 750 nm

(Figure 3D). This feature indicates electron transfer from the

formally reduced phenazine species towards the catalytic

RhIII center: TD-DFT reveals that the [(tbbpy)2RuIII-

(tpphz)RhIICp*] species shows appreciable absorption at

738 nm due to a bright RhII
!tpphz 3MLCT (T12), while

[(tbbpy)2RuIIItpphzC@RhIIICp*Cl] strongly absorbs at around

600 nm, based on the 3IL excitation into T27 (Figure 3B).

These results explain the spectral shape of the visible excited-

state absorption reflected in the DAS of the t3- and the long-

lived component (Figure 3D).

The excellent match between the experimentally obtained

DAS and the calculated spectra indicates not only electron

transfer from the photoactive [(tbbpy)2RuII(tpphz)] fragment

to the catalytically active Rh center, it also confirms Cl@

dissociation on the 450 ps timescale upon metal-centered

one-electron reduction.[20] Notably, structural reorganization

at the reduced RhII center upon Cl@ dissociation leads to

a linear tpphz-Rh-Cp* geometry in which the RhII center is

shielded by steric and electronic factors from geminate

recombination with the solvated Cl@ , hence leading to the

long-lived species and, as a consequence, to the long-lived

red-absorbing component in the transient absorption (blue

infinite-time component in the DAS, Figures 3D and S16). In

a recent report, this slow decay of the RhII species has been

shown to obey second-order kinetics, which was interpreted

as a disproportionation reaction yielding RhI and RhIII in the

ms-to-ms time range.[21]

Figure 3. Transient-absorption data including A) experimental and

B) calculated transient-absorption spectra at selected delay times,

C) transient kinetics at key wavelengths, and D) spectral changes

associated with each kinetic process (DAS) for non-reduced Ru-

(tpphz)RhCp* pumped at 492 nm. For comparison, the inverted (that

is, negative) steady-state absorption of the complex Ru(tpphz)RhCp* is

also plotted (in gray) and scaled to the largest ground-state bleach

signal at 360 nm (A). Inset in (B): Charge-density differences for bright

spin-allowed triplet–triplet excitations into intra-ligand State T27 (with

Cl@) and into metal-to-ligand charge-transfer state T12 (without Cl
@);

charge transfer takes place from red to blue.
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After the two-electron reduction of Ru(tpphz)RhCp*

accompanied by Cl@ dissociation from the pentamethylcyclo-

pentadienyl-RhIII center,[11,22] the photodynamics of

[(tbbpy)2RuII(tpphz)RhICp*], that is, the photoinduced pro-

cesses in a “fully charged” molecular photocatalyst, are

observed (Figure 4). To the best of our knowledge, the data

discussed in the following present the first ultrafast-transient-

absorption study on an isolated molecular photocatalyst in its

fully active electronic configuration.

As discussed in the context of the rR data, excitation of

[(tbbpy)2RuII(tpphz)RhICp*] at 403 nm populates a MLCT

state in which electron density is shifted to the tbbpy ligands,

that is, [(tbbpy)(tbbpyC@)RuIII(tpphz)RhICp*] is formed

(Scheme 1). The ESA at 360 nm reflects intra-ligand absorp-

tion of the tbbpy radical anion (Figure 4A). Nonetheless,

photoexcitation leads to an instantaneous (within the exper-

imental time resolution) and rather strong bleach signal at

650 nm, which is assigned to a RhI
!tpphz MLCT transition

based on TD-DFT and UV/Vis-SEC results (Figures 2B,C

and 4A). This feature thus indicates an interaction between

the two metal centers and a hole transfer from the photo-

excited RuIII center to the RhI center. This process occurs

rapidly, that is, below 500 fs, and leads to the formation of

[(tbbpy)(tbbpyC@)RuII(tpphz)RhIICp*]. This state is initially

vibrationally hot and cools down with the time constant

t1= 1.8 ps. Cooling causes a slight shift of both the ESA

maxima at 470 nm and the DOD= 0 crossing at 725 nm

(Figure 4A). The relaxed [(tbbpy)(tbbpyC@)RuII-

(tpphz)RhIICp*] reveals a strong ESA above 720 nm, which

the calculations assign to a tpphz!RhII-LMCT transition. In

addition to the tbbpyC@ absorption below 440 nm, the bleach-

ing of the RhI
!tpphz MLCT transition at around 630 nm is

apparent (Figure 4A). The strong bleaching of the signal at

about 480 nm (RuII center) is not visible in DAS (t1) and DAS

(t2) but only appears on a 100 ps timescale. On this timescale,

associated with t2= 43 ps, inter-ligand tbbpyC@!tpphz elec-

tron transfer takes place, that is, [(tbbpy)2RuII-

(tpphzC@)RhIICp*] is formed (Scheme 1). We hypothesize that

the partial bleaching of the signal associated with the Ru

center in [(tbbpy)(tbbpyC@)RuII(tpphz)RhIICp*] is superim-

posed by a tbbpyC@!tpphz excited-state absorption. This

renders the net optical-density changes in the spectral region

below 500 nm slightly positive. Upon inter-ligand tbbpyC@!

tpphz electron transfer, more prominent GSB features below

500 nm are observed, while the bleaching of the signal

associated with the Rh center at 650 nm decreases (Fig-

ure 4A). Interestingly, the inter-ligand charge transfer pro-

cess is relatively slow compared to inter-ligand hopping

processes observed in RuII complexes and the non-reduced

parent Ru(tpphz)RhCp* (11 ps), which is attributed to the

fact that electron density in the RhII center partially extends

towards the tpphz-bridging ligand, as indicated by the

respective spin density in Figure S15. Hence, the additional

negative charge on the phenanthroline fraction of the tpphz

ligand coordinating the Rh ion slows down the kinetics of

inter-ligand electron transfer towards the bridging ligand.

With the characteristic time constant of t3= 600 ps, the excess

charge density on the tpphz ligand shifts to the lowest orbital

available, that is, from the phenanthroline to the phenazine

moiety of the bridging ligand. This is manifested in the

comparably low negative DOD amplitude at around 630 nm,

which stems from the superposition of the Rh-center ground-

state bleach and the excited-state absorption of the reduced

tpphz ligand, more specifically the reduced central phenazine

unit (DAS, Figure 4A).[23] The resultant [(tbbpy)2RuII(phen-

phzC@-phen)RhIICp*], bearing the electron in the central

phenazine moiety, forms the long-lived species which decays

back to the ground state with a time constant beyond the

experimentally accessible time range (Scheme 1).

The slow ns-decay component observed in the TA-SEC

data upon 403-nm excitation corresponds to the intramolec-

ular electron transfer of the second electron onto a mono-

reduced catalytic RhII center. This electron-transfer step is

apparently much slower than the corresponding first electron

Figure 4. Transient-absorption data including transient absorption spectra at selected delay times, transient kinetics at key wavelengths, and

spectral changes associated with each kinetic process (DAS) for doubly reduced Ru(tpphz)RhCp* pumped at A) 403, B) 600, and C) 492 nm. For

comparison, the inverted, (that is, negative) steady-state absorption spectra of doubly reduced Ru(tpphz)RhCp* are also plotted (in gray) and

scaled to the maximum ground-state bleach signal within the individual graphs.
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transfer in the RhIII
!RhII reduction (450 ps, see Figure 4A).

Since the electrochemical analysis showed a potential inver-

sion of the RhIII/RhII and RhII/RhI reduction, the slowed-

down electron transfer must be attributed to the change in the

relative orientation between the tpphz bridging ligand and the

Cp* ligand, which results in a kinetic barrier for the electron-

transfer process.

As concluded from the TA measurements and the

quantum-chemical calculations, a perpendicular arrangement

between the tpphz bridge and the Cp* ligand also exists in the

[(tbbpy)2RuII(tpphz)RhIICp*] state (Figure S16). Similar to

the RhI species, electron-density redistribution from the

strong donor ligand Cp* over the connecting RhII core to

the phenanthroline moiety of the tpphz ligand might establish

an electronic barrier for the electron localized at the

phenazine moiety which drastically reduces the transfer

kinetics of the second electron at the catalytic unit. 600-nm

excitation of the “fully charged” Ru(tpphz)RhCp* photo-

catalysts allows for a cross-validation of the model put

forward before.

Excitation within the reduction-induced absorption band

(see Figure 2B) leads to a charge-density shift associated with

a RhI
!tpphz MLCT transition. TD-DFT calculations show

that the excess charge density is localized on the phenanthro-

line part of the bridging ligand that coordinates the RhI ion.

Hence, 600-nm excitation of the doubly reduced Ru-

(tpphz)RhCp* catalyst initially leads to a vibrationally hot

[(tbbpy)2RuII(phen-phz-phenC@)RhIICp*] state (Scheme 1).

The subsequent dynamics are characterized by a 4.7- and

a 485-ps process (DAS, Figure 4B), which lead to the

population of a molecular species that outlives the exper-

imentally accessible delay-time window of 1.8 ns. The fastest

component, t1= 4.7 ps, is spectrally characterized by a blue-

shift of the DOD= 0 crossing at around 680 nm and the

disappearance of a negative shoulder at the red-edge of the

RhI-ground-state bleach (Figure 4B). Hence, it is associated

with a cooling of the [(tbbpy)2RuII(phen-phz-phenC@)RhIICp*]

state. However, it should be noted that the excess electron

density on the tpphz ligand is still considered to be localized

on the phenanthroline moiety. Only during the process

associated with t2= 485 ps, the charge density relaxes to the

central phenazine part of the tpphz ligand by forming the

species [(tbbpy)2RuII(phen-phzC@-phen)RhIICp*] (Scheme 1).

This species is found to be long-lived on the time scale of the

femtosecond-transient-absorption experiment.

It should be pointed out that the formation of

[(tbbpy)2RuII(phen-phzC@-phen)RhIICp*] occurs with

a charge-density shift from the RhI fragment upon 600-nm

excitation with a time constant of 485 ps, and from the RuII

fragment upon 403-nm excitation with a time constant of

600 ps (Figure 4A,B). The similarity of the characteristic

timescales reflects the apparent energetic symmetry of the

tpphz ligand even though it coordinates two different metal

ions. In either of these cases, the phenanthroline!phenazine

charge-density shift is spectrally manifested in an apparent

decrease of the ground-state bleach in the red part of the

DOD< 0 band. This is due to the fact that the phzC@ fragment

strongly absorbs at around 550 nm, that is, partially overriding

the ground-state bleach in the same spectral region (Figur-

es 4A,B).[23]

Photoexcitation of doubly reduced Ru(tpphz)RhCp* at

492 nm leads to similar transient-absorption features ob-

Scheme 1. Schematic representation of the proposed photophysical pathways for the doubly reduced photocatalyst Ru(tpphz)RhCp* upon

photoexcitation at 403 and 600 nm. At 403 nm, a MLCT from RuII to the tbbpy ligand occurs, after which an electron hole is transferred on a sub-

500-fs timescale, reducing RuIII and oxidizing the RhI center. This process is followed by an inter-ligand transition to tpphz, finally decaying by an

intra-ligand charge transfer from the phenanthroline to the phenazine fragment of the bridging ligand, followed by a MLCT to the ground state. In

contrast, at 600-nm excitation, a MLCT from RhI to tpphz occurs which decays via an intra-ligand charge transfer to the ground state. Here, the

Ru center and the tbbpy ligands are not involved in the photodynamic processes.
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tained with 403-nm excitation (Figure 4C). In agreement with

rR-SEC at 473 nm, a RuII
!tbbpy MLCT state is initially

populated (Figures 2E and 4C). Additionally, a RhI
!tpphz

MLCT transition occurs, since both absorption features are

spectrally broad and overlapping. Consequently, two over-

lapping decay processes from both MLCT transitions are

observed in parallel. Therefore, the TA spectra obtained at

403- and 492-nm excitation are qualitatively similar, but their

interpretation is significantly complicated. Therefore, the

data was not analyzed in detail, because too many decay

constants would be required, rendering an in-depth kinetic

analysis unreliable.

The combined catalytic, photophysical, electrochemical

and theoretical data paint a very similar picture, that is,

photoexcitation of the “fully charged” Ru(tpphz)RhCp*

complex containing a RhI ion leads to the photochemical

formation of a RhII intermediate. The same light required for

the photochemical generation of the catalytically competent

RhI state thus leads to its deactivation by MLCT formation.

This is directly reflected by the absence of catalytic activity of

the intermediate RuII(tpphz)RhICp* under irradiation. The

photoinduced discharging produces a relatively long-lived

RhII state describing, for the first time, the catalytic inactivity

of a mono-reduced (N,N)RhCp* complex, that is, the RhII

state, towards nicotinamide reduction. This is particularly

important because the electrochemical properties of virtually

all (N,N)RhCp* complexes only permit experimental access

to the directly generated RhI state during metal-centered

reduction. Based on our mechanistic conclusions, we suggest

— in the absence of available protons — controlling the

overall catalytic process by sequential photochemical RhI

generation and thermal consumption of RhI coupled to

substrate conversion. Utilizing this approach, BNAH forma-

tion was successfully implemented (see Figure S19).

Conclusion

The elucidation of multi-electron reaction pathways, for

example, in hydrogen-evolving photocatalysis, requires the

identification and dynamic monitoring of intermediates,

which can be mimicked by sequential electroreduction. To

the best of our knowledge, we presented, for the first time, the

results of in-situ early-time photodynamics of an isolated,

molecular photocatalyst in its active electronic configuration.

Pulsed laser excitation of doubly reducedRu(tpphz)RhCp* at

either 403 or 600 nm leads to a charge-density shift towards

the central phenazine part of the bridging tpphz ligand,

irrespective of the fact that completely different states are

initially populated. At 403 nm, a RuII
!tbbpy MLCT tran-

sition occurs, while at 600 nm, a RhI
!tpphz MLCT state is

populated, as confirmed by rR-SEC and TD-DFT. The long-

lived radical anion [(tbbpy)2RuII(tpphzC@)RhIICp*] in the

described relaxation cascade is possibly a potent precursor

for an additional chemical deactivation pathway of the

catalyst.[24] The investigations towards the effect of blue-light

irradiation of the catalytic reaction mixture containing BNA+

clearly showed that once the doubly reduced Ru-

(tpphz)RhCp* state is formed, photoexcitation impedes the

catalytic hydrogenation of BNA+ to BNAH. This is in full

agreement with the results of the detailed spectroscopic and

theoretical investigation which point to the formation of an

inactive RhII intermediate upon photoexcitation. The excita-

tion-induced charge redistribution in the doubly reduced

Ru(tpphz)RhCp* can be formally viewed as a RhI
!RhII

discharging process leading to the inactivation of the catalytic

center. However, the actual “H”-transferring species in

RhCp* catalysts is either a RhI(Cp*H)[19b,25] or a RhIII-

(Cp*)H[19a, 26] unit, formed upon fast[26] oxidative addition of

a proton to the RhICp*moiety. Since this hydride-transferring

agent does not exhibit a red absorbance,[19b] it is possible in

these systems to escape the potential visible-light-driven

inactivation of catalysis by working in sufficiently acidic

media.

With respect to future applications of molecular catalysts

using the whole solar spectrum for light-driven catalysis, the

detected MLCT transitions from the reductively fully acti-

vated catalytic center back to the bridging ligand presump-

tively represent an activity-limiting step. It is clear that a more

careful design of the ligand moiety supporting the catalytic

center is crucial for supporting sufficiently high activity. The

presented results clearly show that the design of photo-

catalytically active systems will benefit from close interactions

between spectroscopy, theory, and synthesis, leading to the

spectroscopy-aided design of next generation catalysts.

Experimental Section

Ru(tpphz)RhCp* was synthesized as described in the literature.[5]

UV/Vis-SEC, rR-SEC, and electrochemical measurements were

performed as described in detail in the Supporting Information. A

custom-built setup was utilized to acquire fs-TA data (Pascher

Instruments AB).[28] Comprehensive experimental and computational

details and methods can be found in the Supporting Information.
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Experimental section 

Sample Preparation for spectroscopic and electrochemical experiments 

Ru(tpphz)RhCp* was provided by Prof. Rau and synthesized as described in the literature.[1] All 

spectroscopic and voltammetry experiments, i.e., cyclic voltammetry (CV), chronoamperometry (CA), 

steady-state absorption spectroelectrochemistry (UV-vis SEC), resonance Raman (rR) SEC and 

femtosecond time-resolved transient absorption (TA) SEC were performed at room temperature. The 

complex was dissolved in anhydrous acetonitrile (Sigma-Aldrich) containing 0.1 M 

tetrabutylammonium hexafluoroborate (TBABF4) as electrolyte. All solutions were thoroughly 

degassed with argon prior to each measurement. The measurements were executed with an optical 

density of 0.3 at 400 nm.  

Electrochemical and spectroelectrochemical Instrumentation 

UV-vis-SEC, rR-SEC and electrochemical measurements were performed using a three-electrode thin-

layer spectroelectrochemical cell with a pathlength of 1 mm (Hellma, Bioanalytical Systems, USA). The 

three-electrode system contains a Pt counter electrode, an Ag/AgCl pseudo-reference electrode and a 

glassy carbon working electrode. Cyclic voltammetry and potential-controlled monitoring were 

performed using a computer-controlled VersaSTAT 3 (Princeton Applied Research) potentiostat. UV-

vis and resonance Raman spectra were recorded immediately after applying the respective reduction 

potential to monitor the accompanied spectral changes. Reoxidation at the corresponding anodic 

potential fully regenerated the original spectra, proving that the complex remained stable during the 

spectroelectrochemical studies. UV-vis spectra were collected in transmission mode by using a product 

of Avantes Inc., which is comprised of a single-channel fiber-optic spectrometer (AvaSpec-ULS2048XL) 

equipped with a deuteriumhalogen light source (AvaLight DH-S-BAL). 

RR measurements were performed through excitation by visible lasers and detected by an IsoPlane 

160 spectrometer (Princeton Instruments, USA) with an entrance slit width of 50 µm and gratings with 

600 or 1200 grooves/mm. The rR setup is equipped with 4 excitation lasers: a 405 nm diode laser 

(TopMode-405-HP, Toptica, Germany), a 473 nm diode-pumped solid-state laser (HB-Laser, Germany), 

a 532 nm diode-pumped solid-state laser (HB-Laser, Germany) and a 643 nm diode-pumped solid-state 

DL laser (CrystaLaser, USA). For rR measurements, the laser power was attenuated to approximately 5 

mW to reduce photodegradation of the analyte. The Raman signals were recorded by a 

thermoelectrically cooled CCD camera of 1340 x 100 pixels (PIXIS eXcelon, Princeton Instruments, 

USA). The band of acetonitrile at 1373 cm-1 was used as a reference for normalizing intensities and 

wavenumbers. The recorded resonance Raman spectra were background corrected, and the solvent 

spectrum was subtracted. At 643 nm within the reduction-induced absorption band of 

Ru(tpphz)RhCp*, no rR signal of the neutral complex has been recorded using the same acquisition 

parameters.   

Transient absorption spectroscopy 

A custom-built setup was utilized to acquire fs-TA data. The setup is described in detail elsewhere.[2] 

Briefly, a white-light supercontinuum probe pulse at 1 kHz repetition rate has been used to analyze 

the excited-state dynamics. The supercontinuum was generated by focusing a minor part of the output 

of the Ti:Sapphire amplifier into a CaF2 plate mounted on a rotating stage. The white light is split into 

probe and reference. The probe pulse is focused onto the sample by a concave mirror of 500 mm focal 

length. The spectra of probe and reference are detected by a Czerny-Turner spectrograph of 150 mm 

focal length (SP2150, Princeton Instruments) equipped with a diode array detector (Pascher 

Instruments AB, Sweden). For excitation either 403, 492 or 600 nm pulses of approximately 100 fs 

pulse duration have been used. The repetition rate of the pump pules has been reduced to 0.5 kHz by 
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a mechanical chopper, and the polarization is adjusted to the magic angle of 54.7° by a Berek 

compensator and a polariser. The temporal resolution of the experiment is limited to 300 fs due to 

strong contributions from coherent artifact signals to the data,[3] which impede a reliable analysis of 

the pump-probe data by means of multi-exponential fitting at shorter delay times. 

For data analysis, first the data was preprocessed to correct for the chirp, and in the following, a sum 

of exponential functions has been fitted to the data using customized data analysis software (Pascher 

Instruments AB, Lund, Sweden). The pulse overlap region of ±150 fs has been excluded from the data 

evaluation due to coherent artefacts in this temporal region. The amplitudes of the exponential fit 

correspond to the decay associated spectra (DAS). For the investigation of the primary photoinduced 

processes, the sample was dissolved in anhydrous acetonitrile (OD (400 nm) = 0.4 in a cell with 1 mm 

path length).  

The pump and probe beam pass collinearly through a 1-mm hole in a 0.4 mm thick glassy carbon 

working electrode. This customized electrode design ensures at the same time high yields of the redox- 

active species within the observation volume due to the highly resistant glassy carbon material and 

high transmission despite its opacity. Customized electronics and control software (Pascher 

Instruments AB, Sweden) allow for simultaneously measuring steady state absorption, current, CV, and 

TA and ensure jitter-free timing of the datasets. 

A prerequisite for TA measurements is a constant concentration of the analyte under investigation 

during the acquisition period. To warrant constant experimental conditions and analyte 

concentrations, the current response at fixed potential was monitored and only measurements 

characterized by constant current throughout the acquisition were selected for further analysis. 

Transient absorption spectra of the electrochemically reduced complex were recorded at set 

potentials and constant current response. Steady state UV-vis spectra were simultaneously recorded 

with time-resolved TA-SEC in order to assess the concentration of the redox active species within the 

observation volume and the conversion efficiency of the electrochemical process. In addition to 

current monitoring, absorption spectra were recorded preceding and consecutively each 

measurement to ensure sample integrity during the measurement. The generation of additional 

species contributing to the transient absorption spectra cannot be fully excluded since the 

simultaneous exposure to light and potential of Ru(tpphz)RhCp* may result in degradation products 

and side reactions. However, measures have been taken to minimize these (current response 

monitoring, steady state UV-vis spectroscopy). 

Computational details 

All quantum chemical calculations determining structural and electronic properties of Ru(tpphz)RhCp* 

were performed using the Gaussian 16 program.[4] The computational costs were reduced without 

affecting the spectroscopic properties of the complex by approximating the four tert-butyl groups of 

the two bipyridine ligands by methyl groups. Fully relaxed equilibrium geometries of Ru(tpphz)RhCp* 

were obtained within the singlet and triplet (with and without Cl-) ground state, respectively. 

Furthermore, the triplet ground state as well as the ground states of the doubly (singlet and triplet) 

and triply (doublet and quartet) reduced complex following a dissociation of chloride were 

investigated. All ground state calculations were performed at the density functional level of theory 

(DFT) by means of the B3LYP[5,6] XC functional. The 6-31G(d) double- basis set[7] was employed for all 

main group elements, while the relativistic core potential MWB-28[8] was applied with its basis sets for 

the ruthenium and the rhodium atom. A subsequent vibrational analysis was carried out for each 

optimized ground state structure to verify that a minimum on the potential energy (hyper-)surface 

(PES) was obtained. 

Excited-state properties such as excitation energies, oscillator strengths and electronic characters 

were calculated within all (ground state) equilibrium structures at the time-dependent DFT (TDDFT) 

level of theory. Within the Franck-Condon region, the 150 lowest singlet excited states were calculated. 
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For all other systems, the number of investigated spin-allowed excitations was increased i) to 300 for 

the non-reduced triplet (prior and after Cl- dissociation) as well as for the doubly reduced singlet and 

triplet (after Cl- dissociation), and ii) to 500 for the triply reduced doublet and quartet (after Cl- 

dissociation) species. Thereby, the same XC functional, basis set and core potentials were applied as 

for the preceding ground state calculations. Several joint spectroscopic-theoretical studies on 

structurally related complexes proved that this computational protocol enables an accurate prediction 

of ground and excited-states properties with respect to experimental data, e.g. UV-vis absorption, 

resonance Raman spectra and (spectro-)electrochemical properties.[9–14] A balanced description of 

excited states featuring, i.e., metal-to-ligand charge transfer (MLCT), ligand-to-metal charge transfer 

(LMCT), ligand-to-ligand charge transfer (LLCT), intra-ligand charge transfer (ILCT), intra-ligand (IL) and 

metal-centered (MC) character, as provided by the present computational setup, is essential to assess 

the photophysics as well as the photochemistry of transition metal complexes. Effects of interaction 

with a solvent (acetonitrile:  = 35.688, n = 1.344) were taken into account on the ground and excited-

states properties by the integral equation formalism of the polarizable continuum model.[15] The non-

equilibrium procedure of solvation was used for the calculation of the excitation energies within the 

Franck-Condon region of the respective redox species, which is well adapted for processes where only 

the fast reorganization of the electronic distribution of the solvent is important. All calculations were 

performed including D3 dispersion correction with Becke-Johnson damping.[16] 

Sample preparation for photocatalysis experiments 

For photocatalysis experiments, a 20 µM solution of Ru(tpphz)RhCp* in MeCN:H2O = 1:1 (v:v; 2.5 mL 

in total) was prepared in a glovebox under argon atmosphere. Then 25 µL of a 20 mM BNA+Br- (N-

benzylnicotinamide bromide) aqueous stock solution was added, yielding a final concentration of 

200 µM. Additionally, TEA (triethylamine, 0.1 M) serving as sacrificial electron donor and NaH2PO4 

(0.08 M) for reducing the basicity of the overall solution were present in the solvent mixture as the 

1.25 mL of water were added in two portions (500 µL of an aqueous solution of 0.5 M TEA and 0.4 M 

NaH2PO4 and 750 µL of pure water). The solution was then transferred into a cuvette with a 10 mm 

path length (Starna Scientific) and sealed with a screw cap to exclude oxygen diffusion into the sample. 

Irradiation was performed using one LED stick emitting blue light ( = 463nm ± 12 nm, 

45-50 mW/cm2) and continuous ventilation using a custom-made air-cooling apparatus, which ensured 

a constant temperature during the photocatalysis experiment. UV-vis spectra were recorded after 

defined time intervals of irradiation, and catalytic turnover was determined based on the extinction 

coefficient (7240 L/mol cm) at 355 nm of the formed BNAH (1,4-dihydro-N-benzylnicotinamide).[17] 

In the case of the experiment alternating irradiation and thermal reoxidation of the reduced 

Ru(tpphz)RhCp* complex by substrate conversion, the cuvette was either irradiated as described 

above or placed into a 40 °C warm water bath. 

Sample preparation for CoCp2-reduction experiments for UV-vis spectroscopic investigations 

First, a suitable amount of CoCp2 (abcr GmbH, between 3 and 4 mg) was dissolved in a glovebox under 

an argon atmosphere in a mixture of 1mL dry acetone:acetonitrile = 1:1 (v:v). Then glass vials were 

equipped with a suitable amount of Ru(tpphz)RhCp* (typically 0.08106 mg via a DCM stock solution 

for obtaining 2.5 ml sample with a 20 µM concentration of complex) and the solvent was evaporated. 

After introducing the glass vials into the glovebox, 1.25 mL degassed MeCN and 1.25 mL degassed H2O 

were added. Then the appropriate volume (40 µM in 2.5 mL sample) from the CoCp2 stock-solution 

was added to the glass vial yielding a green colored solution. This solution was transferred into a 

cuvette with a 10 mm path length (Starna Scientific) and sealed with a screw cap to exclude oxygen 

diffusion into the sample. In the experiments for nicotinamide reduction, 25 µL of a 20 mM aqueous 

BNA+Br- (N-benzylnicotinamide bromide) stock solution was additionally transferred into the cuvette. 

Irradiation of the samples was performed as described above. 
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Sample preparation for photoreduction experiments for UV-vis spectroscopic investigations 

For simple photoreduction experiments using TEA as sacrificial reductant, a 20 µM solution 

(V = 2.5 mL) of Ru(tpphz)RhCp* in MeCN:H2O = 1:1 (v:v) prepared under argon atmosphere in a 

glovebox was additionally charged with 35 µL of TEA (final concentration 0.1 M). Afterwards, the 

sample was transferred into a cuvette with a 10 mm path length (Starna Scientific) and sealed with a 

screw cap to exclude oxygen diffusion into the sample. Irradiation of the samples was performed as 

described above. 
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Table S1: Calculated vertical excitation energies (Ee), wavelengths (), oscillator strengths (f), 

experimental wavelengths (exp) and singly-excited configurations of the main excited singlet-

singlet transitions involved in the initial absorption of Ru(tpphz)RhCp* within the Franck-

Condon region. 

State Transition Weight / % Ee / eV  / nm f exp / nma) 

S2 d(Ru)yz(256) → πtpphz*(259) (MLCT) 95 2.44 508 0.060 - 

S12 d(Ru)yz(256) → πtpphz*(262) (MLCT) 

d(Ru)yz(256) → πbpy*(263) (MLCT) 

47 

38 

2.85 435 0.091 443 

S14 d(Ru)xz(257) → πbpy*(264) (MLCT) 

d(Ru)yz(256) → πbpy*(263) (MLCT) 

d(Ru)yz(256) → πtpphz*(262) (MLCT) 

41 

26 

21 

2.93 423 0.228 443 

S16 d(Ru)yz(256) → πbpy*(264) (MLCT) 

d(Ru)xz(257) → πbpy*(263) (MLCT) 

54 

41 

2.97 418 0.139 443 

S19 d(Rh)xz(255) → d(Rh)x²-y²(266) (MC) 84 3.04 408 0.052 - 

S24 d(Rh)yz(254) → πtpphz*(259) (MLCT) 90 3.25 381 0.096 381 

S32 pCl(253) → πtpphz*(259) (LLCT) 

πtpphz(250) → πtpphz*(259) (IL) 

72 

10 

3.57 347 0.147 362 

S37 πtpphz(250) → πtpphz*(259) (IL) 

πbpy(252) → πtpphz*(259) (LLCT) 

49 

27 

3.64 341 0.228 362 

S64 πtpphz(250) → πtpphz*(261) (ILCT) 

πtpphz(249) → πtpphz*(260) (IL) 

49 

17 

4.06 306 0.412 283 

S68 πbpy(251) → πtpphz*(260) (LLCT) 

πtpphz(249) → πtpphz*(260) (IL) 

πtpphz(250) → πtpphz*(261) (ILCT) 

24 

17 

13 

4.11 301 0.552 283 

S97 πbpy(251) → πbpy*(264) (IL) 

d(Ru)yz(256) → πtpphz*(272) (MLCT) 

πbpy(252) → πbpy*(263) (IL) 

44 

20 

12 

4.49 276 0.239 283 

S98 πbpy(251) → πbpy*(263) (IL) 

πtpphz(249) → πbpy*(263) (LLCT) 

πbpy(252) → πbpy*(264) (IL) 

24 

24 

23 

4.53 274 0.574 283 

S100 πtpphz(249) → πbpy*(263) (LLCT) 

πbpy(252) → πbpy*(264) (IL) 

59 

11 

4.54 273 0.274 283 
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Figure S1: Molecular orbitals involved in bright singlet-singlet excitations of Ru(tpphz)RhCp* 

within the Franck-Condon region. Hydrogen atoms are omitted for clarity. 
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Figure S2: Charge density differences of the bright singlet-singlet excitations of 

Ru(tpphz)RhCp* within the Franck-Condon region. Hydrogen atoms are omitted for clarity. 
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Table S2: Calculated vertical excitation energies (Ee), wavelengths (), oscillator strengths (f), 

spin contamination (〈𝑠²〉), experimental wavelengths (exp) and singly-excited configurations 

of the main triplet-triplet excitations (within the T1 equilibrium structure) involved in the 

excited-state absorption contributing the transient absorption signal of Ru(tpphz)RhCp*. 

State Transition Weight / % Ee / eV  / nm f 〈𝑠²〉 exp / nm 

T24 πbpy(247β) → d(Ru)xy(258β) (LMCT) 
πtpphz(251β) → d(Ru)xy(258β) (LMCT) 
d(Rh)yz(252β) → d(Ru)xy(258β) (MC) 

74 

11 

9 

1.92 646 0.013 2.04 - 

T26 πtpphz(251β) → d(Ru)xy(258β) (LMCT) 
d(Ru)xz(249β) → d(Ru)xy(258β) (MC) 
πbpy(247β) → d(Ru)xy(258β) (LMCT) 

πtpphz(254β) → d(Ru)xy(258β) (LMCT) 

35 

32 

16 

8 

1.96 632 0.027 2.04 - 

T27 πtpphz*(259α) → πtpphz*(274α) (IL) 91 2.04 609 0.260 2.03 593 

T52 d(Rh)xz(257β) → d(Rh)x²-y²(266β) (MC) 
d(Rh)xz(258α) → d(Rh)x²-y²(266α) (MC) 

42 

42 

3.06 405 0.059 2.02 435 

T76 πtpphz(256β) → πtpphz*(261β) (ILCT) 
πtpphz(256β) → πtpphz*(262β) (ILCT) 

d(Rh)yz(257α) → πbpy*(260α) (MLCT) 
ntpphz(255β) → πtpphz*(263β) (IL) 

15 

14 

14 

10 

3.48 357 0.142 2.91 403 

T81 d(Rh)yz(257α) → πbpy*(260α) (MLCT) 
πtpphz(256β) → πtpphz*(262β) (ILCT) 
πtpphz(256β) → πtpphz*(261β) (ILCT) 

47 

11 

9 

3.50 354 0.080 2.72 403 

T85 d(Rh)xz(257β) → πtpphz*(263β) (MLCT) 
πtpphz(254β) → πbpy*(259β) (LLCT) 
πtpphz(254β) → πtpphz*(263β) (IL) 

πtpphz(254β) → πbpy*(260β) (LLCT) 
d(Rh)xz(258α) → πtpphz*(263α) (MLCT) 

28 

17 

12 

10 

9 

3.56 348 0.055 2.92 403 

T93 πtpphz(254β) → πtpphz*(263β) (IL) 
πtpphz(254β) → πbpy*(260β) (LLCT) 

d(Rh)yz(257α) → πtpphz*(262α) (MLCT) 

23 

21 

12 

3.61 343 0.042 3.25 403 

T97 πtpphz(233β) → d(Ru)xy(258β) (LMCT) 
d(Rh)yz(257α) → πtpphz*(262α) (MLCT) 

πtpphz(256β) → πtpphz*(262β) (ILCT) 
πtpphz(256β) → πtpphz*(261β) (ILCT) 

πtpphz(254β) → πtpphz*(263β) (IL) 

18 

12 

10 

10 

7 

3.63 341 0.054 2.27 403 

T149 d(Ru)yz(250β) → πbpy*(259β) (MLCT) 
πtpphz(251β) → πbpy*(260β) (LLCT) 

d(Ru)xz(248α) → πbpy*(261α) (MLCT) 

13 

11 

10 

4.05 306 0.311 2.57 350 

T159 πtpphz(254β) → πtpphz*(263β) (ILCT) 

πtpphz(254β) → πtpphz*(263β) (ILCT) 

36 

18 

4.12 301 0.873 2.42 - 

T190 πbpy(247β) → πbpy*(259β) (IL) 

πbpy(248β) → πbpy*(260β) (IL) 

d(Ru)yz(247α) → πbpy*(261α) (MLCT) 

πbpy(251α) → πbpy*(261α) (IL) 

13 

11 

9 

9 

4.30 288 0.287 2.34 - 

  



10 

 

 
d(Ru)yz(248α) 

 
d(Ru)xz(248α) 

 
πbpy(251α) 

 
d(Rh)yz(257α) 

 
d(Rh)xz(258α) 

 
πtpphz*(259α) 

 
πbpy*(260α) 

 
πbpy*(261α) 

 
πtpphz*(262α) 

 
πtpphz*(263α) 

 
d(Rh)x²-y²(266α) 

 
πtpphz*(274α) 

 
πtpphz(233β) 

 
πbpy(247β) 

 
πbpy(248β) 

 
d(Ru)xz(249β) 

 
d(Ru)yz(250β) 

 
πtpphz(251β) 

 
d(Rh)yz(252β) 

 
πtpphz(254β) 

 
ntpphz(255β) 

 
πtpphz(256β) 

 
d(Rh)xz(257β) 

 
d(Ru)xy(258β) 

 
πbpy*(259β) 

 
πbpy*(260β) 

 
πtpphz*(261β) 

 
πtpphz*(262β) 

 
πtpphz*(263β) 

 
d(Rh)x²-y²(266β)   

Figure S3: Molecular orbitals involved in bright triplet-triplet excitations of Ru(tpphz)RhCp* 

within the T1 equilibrium structure. Hydrogen atoms are omitted for clarity.  
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Figure S4: Charge density differences of the bright triplet-triplet excitations of 

Ru(tpphz)RhCp* within the T1 equilibrium structure. Hydrogen atoms are omitted for clarity. 
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Table S3: Calculated vertical excitation energies (Ee), wavelengths (), oscillator strengths (f), 

spin contamination (〈𝑠²〉), experimental wavelengths (exp) and singly-excited configurations 

of the main triplet-triplet excitations (within the T1 equilibrium structure) involved in the 

excited-state absorption contributing the transient absorption signal of Ru(tpphz)RhCp* 

(upon Cl- dissociation). 

State Transition Weight / % Ee / eV  / nm f 〈𝑠²〉 exp / nm 

T12 d(Rh)yz(250α) → πtpphz*(256α) (MLCT) 95 1.68 738 0.196 1.68 750 

T30 πbpy(235β) → d(Ru)xz(249β) (LMCT) 97 2.71 458 0.029 2.71 - 

T37 πbpy(234β) → d(Ru)xz(249β) (LMCT) 

πtpphz(232β) → d(Ru)xz(249β) (LMCT) 

81 

14 

2.86 433 0.028 2.86 - 

T41 πbpy(233β) → d(Ru)xz(249β) (LMCT) 

πtpphz(229β) → d(Ru)xz(249β) (LMCT) 

80 

6 

2.89 428 0.021 2.89 - 

T53 d(Rh)xz(247β) → πtpphz*(255β) (MLCT) 

d(Rh)xz(247β) → πbpy*(253β) (MLCT) 

52 

27 

3.08 403 0.031 3.08 - 

T59 πtpphz(244β) → πtpphz*(251β) (ILCT) 

d(Rh)yz(242β) → πtpphz*(251β) (MLCT) 

39 

25 

3.13 396 0.099 2.16 - 

T82 πtpphz(245α) → πtpphz*(251α) (ILCT) 

πtpphz(244β) → πtpphz*(250β) (ILCT) 

d(Rh)x²-y²(247α) → πtpphz*(251α) (MLCT) 

d(Rh)xy(246α) → πtpphz*(251α) (MLCT) 

31 

30 

11 

5 

3.48 357 0.411 2.32 - 

T143 d(Ru)yz(238β) → πtpphz*(250β) (MLCT) 

πbpy(240β) → πtpphz*(250β) (LLCT) 

πtpphz(243β) → πtpphz*(255β) (ILCT) 

πtpphz(243β) → πbpy*(253β) (LLCT) 

πtpphz(244α) → πbpy*(253α) (LLCT) 

πbpy(240β) → πtpphz*(252β) (LLCT) 

20 

16 

11 

8 

8 

7 

4.00 310 0.432 2.59 - 

T153 d(Rh)xz(248α) → πtpphz*(257α) (MLCT) 

πtpphz(245α) → πbpy*(254α) (LLCT) 

d(Ru)yz(238β) → πtpphz*(250β) (MLCT) 

21 

15 

7 

4.04 307 0.434 2.81 - 
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Figure S5: Molecular orbitals involved in bright triplet-triplet excitations of Ru(tpphz)RhCp* 

(upon Cl- dissociation) within the T1 equilibrium structure. Hydrogen atoms are omitted for 

clarity.  
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Figure S6: Charge density differences of the bright triplet-triplet excitations of 

Ru(tpphz)RhCp* (upon Cl- dissociation) within the T1 equilibrium structure. Hydrogen atoms 

are omitted for clarity. 
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Table S4: Calculated vertical excitation energies (Ee), wavelengths (), oscillator strengths (f), 

experimental wavelengths (exp) and singly-excited configurations of the main singlet-singlet 

excitations (within the S0 equilibrium structure) involved in the UV-vis absorption of the 

doubly reduced Ru(tpphz)RhCp* (upon Cl- dissociation). 

State Transition Weight / % Ee / eV  / nm f exp / nm 

S7 d(Rh)xz(250) → πtpphz*(256) (MLCT/MC) 93 2.05 606 0.384 662 

S22 d(Ru)xz(246) → πtpphz*(251) (MLCT) 

d(Ru)xz(246) → πtpphz*(252) (MLCT) 

76 

16 

2.70 459 0.174 443 

S27 d(Rh)yz(248) → πtpphz*(253) (MLCT) 80 2.84 437 0.104 443 

S32 d(Ru)xy(245) → πbpy*(254) (MLCT) 

d(Ru)xz(246) → πbpy*(255) (MLCT) 

46 

37 

2.94 421 0.154 443 

S34 d(Ru)xz(246) → πtpphz*(252) (MLCT) 

d(Ru)xy(245) → πtpphz*(253) (MLCT) 

d(Ru)xy(245) → πbpy*(255) (MLCT) 

d(Ru)xz(246) → πtpphz*(251) (MLCT) 

34 

23 

20 

10 

2.96 419 0.113 443 

S36 d(Ru)xy(245) → πtpphz*(253) (MLCT) 

d(Ru)xy(245) → πbpy*(255) (MLCT) 

58 

36 

3.06 405 0.072 443 

S45 d(Rh)xz(250) → πtpphz*(267) (MLCT) 89 3.24 405 0.094 443 

S48 πtpphz(241) → πtpphz*(251) (IL) 

πtpphz(242) → πtpphz*(253) (IL) 

77 

10 

3.51 405 0.283 443 
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Figure S7: Molecular orbitals involved in bright singlet-singlet excitations of the doubly 

reduced Ru(tpphz)RhCp* (upon Cl- dissociation) within the S0 equilibrium structure. Hydrogen 

atoms are omitted for clarity.  
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Figure S8: Charge density differences of the bright singlet-singlet excitations of the doubly 

reduced Ru(tpphz)RhCp* (upon Cl- dissociation) within the S0 equilibrium structure. Hydrogen 

atoms are omitted for clarity. 

  



18 

 

Table S5: Calculated vertical excitation energies (Ee), wavelengths (), oscillator strengths (f), 

spin contamination (〈𝑠²〉), experimental wavelengths (exp) and singly-excited configurations 

of the main triplet-triplet excitations (within the T1 equilibrium structure) involved in the UV-

vis absorption of the doubly reduced Ru(tpphz)RhCp* (upon Cl- dissociation). 

State Transition Weight / % Ee / eV  / nm f 〈𝑠²〉 exp / nm 

T10 πtpphz*(251α) → πbpy*(258α) (LMCT) 97 1.76 704 0.064 2.02 662 

T11 d(Rh)xz(250α) → πtpphz*(256α) (MLCT) 92 1.90 652 0.200 2.03 662 

T21 πtpphz*(251α) → πtpphz*(263α) (IL) 93 2.26 548 0.294 2.04 616 

T42 d(Ru)xy(247β) → πbpy*(251β) (MLCT) 

d(Ru)xy(247α) → π*bpy(252α) (MLCT) 

d(Ru)xz(248β) → πbpy*(252β) (MLCT) 

d(Ru)xz(248α) → πbpy*(253α) (MLCT) 

d(Ru)xy(247β) → d(Rh)xz(250β) (MMCT) 

28 

19 

15 

11 

9 

2.82 439 0.123 2.30 443 

T48 d(Ru)xy(247α) → πbpy*(253α) (MLCT) 

d(Ru)xy(247β) → πbpy*(252β) (MLCT) 

d(Ru)xz(248β) → πtpphz*(253β) (MLCT) 

d(Ru)xz(248α) → πtpphz*(255α) (MLCT) 

30 

30 

11 

8 

2.92 425 0.221 2.04 443 

T61 d(Ru)xz(248β) → πtpphz*(253β) (MLCT) 

d(Ru)yz(249β) → πtpphz*(254β) (MLCT) 

38 

30 

3.17 391 0.065 2.27 - 

T71 πcp*(236β) → d(Rh)xz(250β) (LMCT) 50 3.27 379 0.070 2.18 - 

T75 d(Ru)xy(247β) → πtpphz*(254β) (MLCT) 

d(Ru)xz(248β) → πtpphz*(255β) (MLCT) 

d(Ru)xz(248α) → πtpphz*(255α) (MLCT) 

53 

13 

10 

3.32 374 0.052 2.31 - 

T85 d(Rh)xz(250α) → πtpphz*(263α) (MLCT) 54 3.40 365 0.041 2.33 - 

T98 πtpphz(243β) → πtpphz*(253β) (IL) 

πtpphz(242α) → πtpphz*(254α) (IL) 

πtpphz(243β) → πbpy*(251β) (LLCT) 

47 

10 

8 

3.55 349 0.149 2.76  
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Figure S9: Molecular orbitals involved in bright triplet-triplet excitations of the doubly reduced 

Ru(tpphz)RhCp* (upon Cl- dissociation) within the T1 equilibrium structure. Hydrogen atoms 

are omitted for clarity. 
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Figure S10: Charge density differences of the bright triplet-triplet excitations of the doubly 

reduced Ru(tpphz)RhCp* (upon Cl- dissociation) within the T1 equilibrium structure. Hydrogen 

atoms are omitted for clarity. 
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Table S6: Calculated vertical excitation energies (Ee), wavelengths (), oscillator strengths (f), 

spin contamination (〈𝑠²〉), experimental wavelengths (exp) and singly-excited configurations 

of the main doublet-doublet excitations (within the D0 equilibrium structure) involved in the 

UV-vis absorption of the triply reduced Ru(tpphz)RhCp* (upon Cl- dissociation). 

State Transition Weight / % Ee / eV  / nm f 〈𝑠²〉 exp / nm 

D23 d(Rh)xz(250α) → πbpy*(256α) (MLCT) 

d(Rh)xz(250β) → πbpy*(256β) (MLCT) 

83 

9 

2.03 612 0.078 1.18 663 

D24 d(Rh)xz(250β) → πbpy*(256β) (MLCT) 

d(Rh)xz(250α) → πtpphz*(257α) (MLCT) 

d(Rh)xz(250α) → πbpy*(256α) (MLCT) 

73 

12 

12 

2.04 607 0.87 2.27 663 

D25 d(Rh)xz(250β) → πtpphz*(257β) (MLCT) 

d(Rh)xz(250α) → πtpphz*(257α) (MLCT) 

d(Rh)xz(250β) → πbpy*(256β) (MLCT) 

πtpphz*(251α) → πtpphz*(262α) (IL) 

44 

33 

11 

8 

2.08 596 0.384 0.85 663 

D28 πtpphz*(251α) → πtpphz*(262α) (IL) 83 2.26 549 0.082 0.80 663 

D59 d(Ru)xy(245α) → πbpy*(252α) (MLCT) 

d(Ru)xy(245β) → πbpy*(251β) (MLCT) 

d(Ru)xz(246α) → πbpy*(253α) (MLCT) 

d(Ru)xz(246β) → πbpy*(252β) (MLCT) 

d(Ru)yz(247α) → πtpphz*(254α) (MLCT) 

d(Ru)yz(247β) → πtpphz*(253β) (MLCT) 

23 

23 

12 

12 

11 

10 

2.80 443 0.121 0.78 454 

D63 πtpphz*(251α) → πtpphz*(268α) (ILCT) 

d(Rh)xz(250α) → πtpphz*(262α) (MLCT) 

75 

9 

2.83 438 0.094 0.90 454 

D73 d(Ru)xy(245β) → πbpy*(252β) (MLCT) 

d(Ru)xy(245α) → πbpy*(253α) (MLCT) 

d(Rh)yz(248α) → πbpy*(253α) (MLCT) 

28 

28 

17 

2.91 425 0.120 0.92 454 

D88 d(Rh)yz(248β) → πtpphz*(255β) (MLCT) 

d(Rh)yz(248α) → πtpphz*(255α) (MLCT) 

66 

24 

3.13 396 0.066 0.91 - 

D96 d(Rh)xz(250α) → πtpphz*(268α) (MLCT) 

d(Rh)xz(250α) → πtpphz*(262α) (MLCT) 

65 

15 

3.25 382 0.061 1.92 - 

D99 d(Ru)yz(247β) → πtpphz*(255β) (MLCT) 

d(Ru)xz(246β) → πtpphz*(253β) (MLCT) 

d(Ru)yz(247α) → πtpphz*(255α) (MLCT) 

42 

13 

10 

3.29 377 0.078 1.07 - 

D230 πtpphz(241α) → πtpphz*(255α) (ILCT) 

πtpphz(243β) → πtpphz*(255β) (ILCT) 

47 

21 

4.00 310 1.037 0.92  

D304 πbpy(237α) → πbpy*(253α) (IL) 

πbpy(237β) → πbpy*(252β) (IL) 

9 

9 

4.53 274 0.480 1.24  
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Figure S11: Molecular orbitals involved in bright doublet-doublet excitations of the triply 

reduced Ru(tpphz)RhCp* (upon Cl- dissociation) within the D0 equilibrium structure. Hydrogen 

atoms are omitted for clarity.  
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Figure S12: Charge density differences of the bright doublet-doublet excitations of the triply 

reduced Ru(tpphz)RhCp* (upon Cl- dissociation) within the D0 equilibrium structure. Hydrogen 

atoms are omitted for clarity. 
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Table S7: Calculated vertical excitation energies (Ee), wavelengths (), oscillator strengths (f), 

spin contamination (〈𝑠²〉), experimental wavelengths (exp) and singly-excited configurations 

of the main quartet-quartet excitations (within the Q1 equilibrium structure) involved in the 

UV-vis absorption of the triply reduced Ru(tpphz)RhCp* (upon Cl- dissociation). 

State Transition Weight / % Ee / eV  / nm f 〈𝑠²〉 exp / nm 

Q19 d(Rh)xz(250α) → πtpphz*(255α) (MLCT) 95 1.91 647 0.246 3.79 - 

Q25 πtpphz*(251α) → πbpy*(259α) (LLCT) 

πbpy*(251α) → πbpy*(261α) (IL) 

πbpy*(251α) → πtpphz*(263α) (LLCT) 

66 

15 

12 

2.16 575 0.236 3.87 - 

Q44 πbpy*(252α) → πbpy*(268α) (IL) 

πbpy*(252α) → πtpphz*(267α) (LLCT) 

68 

17 

2.54 487 0.092 3.81 - 

Q71 d(Rh)yz(248β) → πtpphz*(255β) (MLCT) 

d(Ru)yz(247β) → πtpphz*(253β) (MLCT) 

d(Rh)yz(248β) → πtpphz*(253β) (MLCT) 

d(Ru)yz(247β) → πbpy*(251β) (MLCT) 

d(Rh)yz(248β) → πbpy*(251β) (MLCT) 

d(Ru)yz(247β) → πtpphz*(255β) (MLCT) 

17 

15 

12 

10 

10 

10 

2.92 424 0.070 4.01 - 

Q113 πtpphz(243β) → πbpy*(251β) (LLCT) 

πbpy(242β) → πbpy*(251β) (IL) 

d(Ru)xz(246β) → πbpy*(251β) (MLCT) 

37 

27 

8 

3.53 352 0.146 3.98 - 
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Figure S13: Molecular orbitals involved in bright quartet-quartet excitations of the triply 

reduced Ru(tpphz)RhCp* (upon Cl- dissociation) within the Q1 equilibrium structure. 

Hydrogen atoms are omitted for clarity. 
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Figure S14: Charge density differences of the bright quartet-quartet excitations of the triply 

reduced Ru(tpphz)RhCp* (upon Cl- dissociation) within the Q1 equilibrium structure. 

Hydrogen atoms are omitted for clarity. 
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non-reduced 

Singlet Triplet 

 
0.00 eV 

 
1.89 eV 

doubly reduced 

Singlet Triplet 

 
0.00 eV 

 
0.17 eV 

triply reduced 

Doublet Quartet 

 
0.00 eV 

 
0.58 eV 

Figure S15: Fully optimized equilibrium structures and relative energies of the non-reduced 

(singlet and triplet), doubly reduced (singlet and triplet) and triply (doublet and quartet) 

reduced Ru(tpphz)RhCp*; spin densities indicate unpaired electrons for the open-shell 

species. Hydrogen atoms are omitted for clarity. 
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Figure S16: Schematic representation of the proposed photophysical pathway for the non-

reduced photocatalyst Ru(tpphz)RhCp* upon photoexcitation at 492 nm. First, 

photoexcitation at 492 nm excites a metal to ligand charge transfer (MLCT) transition from 

RuII to the adjacent ligands, i.e., tbbpy and the phenantroline moiety of the tpphz ligand. The 

1 ps process contains contributions from 1MLCT → 3MLCT inter-system crossing (ISC), 

vibrational relaxation and an inter-ligand charge transfer (ILCT) from the tbbpy moiety to the 

phenanthroline sphere of the tpphz ligand. (Due to the limited temporal resolution and the 

spectral congestion of the processes, the individual contributions cannot be resolved.) The 

phenanthroline-centered state relaxes into a phenazine-centered 3MLCT state (2 = 11 ps), 

which decays with a lifetime of 450 ps (3). Finally the complex relaxes on a longer timescale 

to the ground state via disproportionation and structural reorganization. 
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Figure S17: Spectroscopic equivalence of chemically (top) and photochemically (bottom) 

reduced Ru(tpphz)RhCp*. The samples were prepared as described above. 
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Figure S18: Comparison of the UV-vis spectra of Ru(tpphz)RhCp* after 180 min under 

photocatalytic conditions (20 µM Ru(tpphz)RhCp*, 200 µM BNA+, MeCN:H2O = 1:1 (v:v), Ar 

atmosphere, irradiation with one LED-stick,  = 463 nm, 45 mW/cm2, black trace) with the UV-

vis spectra of chemically reduced Ru(tpphz)RhCp* 110 min after addition of 200 µM BNA+ 

stored either at room temperature (red trace) or stored on the top of a LED-stick ( = 463 nm, 

45 mW/cm2, blue trace). The sample stored on top of the LED-stick showed almost no 

spectroscopic changes, whereas for the sample stored in the dark at room temperature 

consumption of RuII(tpphz)RhICp* (band decrease at 665nm) concomitant with the formation 

of BNAH (slight band increase at 355nm, inset) was observed, indicating that irradiation of 

RuII(tpphz)RhICp* indeed leads to a photoinduced discharging process producing a relatively 

long-lived RhII state and electron density localized on the phenazine moiety of the tpphz-

ligand.  
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Figure S19: A sequentially alternating irradiation/40 °C heating experiment allows for 

photochemical RhI generation and thermal RhI consumption, both processes accompanied by 

BNA+ to BNAH conversion (conditions: 20 µM Ru(tpphz)RhCp*, 200 µM BNA+, 

MeCN:H2O = 1:1 (v:v), Ar atmosphere, irradiation with one LED-stick,  = 463 nm, 

45 mW/cm2). A-C: UV-Vis spectroscopic changes during the irradiation/heating process. 

Temporal evolution is indicated by a color change from green over blue and purple to red and 

finally black. Spectra recorded after irradiation are depicted as solid lines, dotted curves 

represent the spectra obtained after placing the cuvette into a 40 °C water bath or after 

reoxidizing the sample using air (black dotted curve). D: Absorbance changes at 355 nm (black, 

BNAH-formation) and 660 nm (blue, RhI formation and reoxidation) highlight the temporal 

evolution at characteristic wavelengths. As a result of placing the cuvette into a 40 °C water 

bath, a strong decrease in the absorbance at 660 nm due to RhI re-oxidation to RhIII is observed 

(this is also true for the final reoxidation of the sample using air, avoiding thermal BNA+ 

conversion to occur by quickly bubbling air into the cuvette). E: Compairing absolute 

absorbance losses at 335 and 660 nm during the four reoxidation processes (1st reoxidation at 

40 °C between 40 and 70 min, 2nd reoxidation at 40 °C between 100 and 130 min, 3rd 

reoxidation at 40 °C between 160 and 180 min and 4th reoxidation using air after 200 min) 

indicates that reoxidation of the catalyst Ru(tpphz)RhCp* is coupled to an absorbance loss at 

355 nm (see 4th reoxidation, where no BNAH was formed due to the fast reoxidation the 

sample by air). Smaller absorbance losses at 355 nm during the first three 40 °C reoxidations 

hence indicate BNAH formation coupled to RhI reoxidation. The sample was prepared as 

described above. 
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ABSTRACT: A simple protocol for the regioselective 4,7-deuteration of various 1,10-
phenanthrolines using Rh(III)Cp* catalysts is reported. Initiation of the H/D exchange by
reductive activation of the Rh(III)Cp* complexes was feasible via two different pathways,
either by choosing a purely thermal route using sodium formate as the reducing agent or by
applying a photoredox process utilizing ruthenium polypyridyl complexes as visible-light
absorbers in the presence of triethylamine serving as electron donor. Here, progressing
deuteration was also observed in the postirradiation period, subdividing the overall reaction
into a light-dependent activation process of the Rh(III)Cp* catalyst and multiple light-
independent H/D exchange events on the substrate. Using the supramolecular photocatalyst
[(tbbpy)2Ru(tpphz)Rh(Cp*)Cl]Cl(PF6)2 (RuRhCp*; tbbpy = 4,4′-tert-butyl-2,2′-bipyridine;
tpphz = tetrapyridophenazine; Cp* = pentamethylcyclopentadienyl) resulted in an efficient
possibility to initiate a regioselective deuteration process by two orthogonal stimuli, i.e.,
temperature or light, using the same catalyst. Besides exhibiting this dual activity, RuRhCp*
additionally served as optical probe allowing an in operando analysis of the initial steps in the
catalytic cycle. Useful analytical indicators could be read out via UV−vis and emission spectroscopy. Further mechanistic
investigations using variably methylated 1,10-phenanthroline derivatives supported the hypothesis that the utilized Rh(III)Cp*
catalysts acted as molecularly defined sources of RhCp* moieties and reversible coordination sphere changes commenced the
regioselective deuteration of suitable 1,10-phenanthroline derivatives. Finally, deuterodehalogenation occurred in the case of
brominated substrates, enabling access to regioselectively di-, tri-, and tetradeuterated 1,10-phenanthrolines.

■ INTRODUCTION

Deuterated organic compounds have found widespread
applications ranging from the elucidation of reaction
mechanisms,1 improved pharmacokinetics of drugs2 to
increased excited state lifetimes of photosensitive transition
metal complexes upon incorporation of highly deuterated
ligands, which decrease the rate of nonradiative relaxation.3−9

Additionally, deuterium-labeled ligands enabled the determi-
nation of excited state localizations in heteroleptic com-
plexes10,11 as well as a simplification of the 1H NMR
spectroscopic structural analysis of unsymmetrical or multi-
nuclear coordination compounds.12,13

Consequently, a variety of methods has been developed to
perform H/D exchanges at different substrates exploiting acid/
base catalysis as well as utilizing homogeneous and
heterogeneous metal catalysts.14−20 In several cases very
harsh reaction conditions had to be applied in order to
achieve high deuterium incorporation on nonactivated
substrates, e.g., 0.1 M NaOD in D2O at 200 °C for several
days, which might limit the functional group tolerance of such
processes.21 Metal catalysts can help to overcome these high
activation barriers by taking advantage of their capability to
insert into C−H bonds.22,23 Additionally, metal-catalyzed H/D

exchanges can offer the possibility of substrate-controlled
regioselectivity; lately, not only aromatic C−H activations in
ortho position with respect to a directing group for site
selective deuterations24−26 but also a complementary approach
using an Fe catalyst for meta and para labeling of arenes has
been reported.27

Recently, RhCp* complexes (Cp* = pentamethyl-cyclo-
pentadienyl) have emerged as very potent catalysts for C−H
activations, allowing versatile functionalization of aromatic
scaffolds.28 Hence, several H/D exchange reactions have also
been reported for this class of coordination compounds.29,30 In
this regard, deuterium labeling was observed in the case of 1,4-
reduced nicotine amides using [(bpy)Rh(Cp*)(H2O)]

2+ (bpy
= 2,2′-bipyridine) as the catalyst in D2O/THF = 1:1, which
was explained by a reversible oxidation and reduction of the
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nicotinamide comprising a concomitant Rh−H/Rh−D equili-
brium in solution.31

Additionally, UV and visible light have recently been used as
external stimulus to not only incorporate D atoms into
molecular structures by interconversion of functional
groups,32−37 as well as by triggering H/D exchange processes
under mild reaction conditions.38 In the case of the system
reported by Enders and co-workers,30 visible-light irradiation
of a RhCp* complex induced the loss of one ethene ligand,
thereby activating the catalyst for insertion into a C−D bond
of benzene-d6 which represents the first step in the catalytic
cycle for deuteration of olefinic substrates. Very recently, H/D
exchange processes based on initiating photoredox catalytic
steps were reported. In the system of MacMillan and
colleagues, molecular Ir(III) photosensitizers were utilized,
which oxidize tertiary amines to an α-amino radical upon
irradiation. In the presence of thiolic mediators and D2O or
T2O as D or T source, respectively, deuteration and tritiation
of various drugs was achieved.39

Intrigued by the reported processes, an expansion of these
photodriven approaches for site-selective mild deuterations
utilizing a heterodinuclear photocatalyst seemed interesting to
us. On the basis of known H/D exchange processes catalyzed
by Rh(I)Cp* coordination compounds,29,30 we chose
[(tbbpy)2Ru(tpphz)Rh(Cp*)Cl]Cl(PF6)2 (RuRhCp* ,
Scheme 1) as photoactive molecular catalyst for our targeted

process (tbbpy = 4,4′-tert-butyl-2,2′-bipyridine; tpphz =
tetrapyridophenazine), as reductive photoredox catalytic
activity of RuRhCp* via a Rh(I)Cp* intermediate has already
been demonstrated;40 in the presence of excess sacrificial
electron donor, visible-light irradiation lead to the formation of
hydrogen gas41 as well as to the production of reduced
nicotinamides such as NADH and NADPH.42 Resulting from
their ubiquitous use as N,N-chelating ligands in coordination
chemistry and excessive functionalization strategies43 as well as
their confirmed impact on extending excited state lifetimes of
transition metal complexes upon deuteration,4,8 we chose
variably substituted 1,10-phenanthrolines as model substrates
for the envisaged photocatalytic H/D exchange processes.

■ RESULTS AND DISCUSSION

We started our investigations on deuterium labeling of 1,10-
phenanthroline substrates by using [(tbbpy)Rh(Cp*)Cl]Cl
(Scheme 1) as a model compound for the heterodinuclear
photocatalyst RuRhCp*. On the basis of the well-known
reduction of Rh(III)Cp* complexes via a β-hydride
elimination process using sodium formate as the hydride
source,31 simple thermal activation is possible. In deuterated
methanol a loss in signal intensity for one of the 1H NMR
resonances of 1,10-phenanthroline (phen) was observed. More
detailed investigations show that 3.5 mol % catalyst is sufficient
to cause the 1H signal at 8.48 ppm to completely vanish
(Figure 1). Additionally, the initial dd-signals at 9.09 and 7.78

ppm were simplified to a doublet. As the relative signal
intensity as well as the chemical shift of the remaining three
signals remained constant, even upon longer heating time, this
indicated that an end-point of the reaction can be reached.
Unequivocal signal assignment was based on chemical shifts,

coupling constants and NOE-spectroscopy (Figure S3),
leading to the conclusion that a regioselective H/D exchange
at the 4,7-positions of phen occurred, yielding 4,7-dideutero-
1,10-phenanthroline as product (d2-phen).
Further evidence for the incorporation of deuterium into the

substrate were obtained by 13C NMR, C,H−COSY and mass
spectra (for ESI mass spectra see section 6 of the Supporting
Information). Compared to the spectrum of phen, the 13C
signal at 137.5 ppm splits into a triplet in case of d2-phen due
to deuterium’s nuclear spin of 1 (Figure S4). It also becomes
clear that this triplet formation is coupled to the loss of the
4,7-1H-resonance as a corresponding cross peak for these
signals is found in the C,H−COSY spectrum of phen, hence
leading to the conclusion that the detected 25 Hz coupling of
the D and 13C nuclei occurs over a single C−D bond (Figure
S5).
Control experiments revealed that neither in absence of

sodium formate or the catalyst [(tbbpy)Rh(Cp*)Cl]Cl nor in
the presence of oxygen H/D exchanges occurred. These
findings clearly point toward a mechanism in which a reduced
RhCp* species catalyzes the deuteration of phen. Additionally,
full conversion of phen to d2-phen has been observed in the
case of using substoichiometric amounts of sodium formate
(25 mol %) with respect to phen. Hence the overall reaction
can be subdivided into a formate dependent reductive

Scheme 1. Molecular Structure of Utilized Catalysts
RuRhCp* and [(tbbpy)Rh(Cp*)Cl]Cl (top) and a General
Reaction Scheme of the Investigated Regioselective 4,7-
Deuteration of Various 1,10-Phenanthrolines (bottom)

Figure 1. 1H NMR spectroscopic changes of a reaction mixture
containing phen (25 mM), NaHCO2 (160 mM) and [(tbbpy)Rh-
(Cp*)Cl]Cl (0.85 mM, 3.5 mol %) in MeOD-d4 under an argon
atmosphere. The large signal at 8.55 ppm can be assigned to HCO2

−.
Bottom spectrum: 1H NMR spectrum directly after preparation of the
reaction mixture; top spectrum: 1H NMR spectrum after 18 h at 50
°C.
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activation of the catalyst, followed by multiple regioselective
H/D exchange events without irreversible reoxidation and
concomitant deterioration of the active reduced RhCp*
catalyst.
On the basis of these promising results, RuRhCp* was first

tested under the same thermal activation conditions in order to
identify whether the slightly different coordination environ-
ment surrounding the Rh center, here tpphz, compared to
[(tbbpy)Rh(Cp*)Cl]Cl, had a negative influence on the H/D
exchange reaction. Pleasingly, by using 10 mol % RuRhCp*,
complete 4,7-deuteration of phen was observed within 2 h at
50 °C in MeOD-d4 (Figure S6). Moreover, no D-incorporation
into the 4,7-positions was observed if the samples were cooled
to 0 °C at different stages of the catalysis (directly at the start
of the reaction as well as after 65% conversion; see Figure S7).
This indicated that neither the formate-driven reductive
activation nor the subsequent H/D exchange reaction were
occurring at low temperatures.
After confirming the catalytic activity of the reduced RhCp*

center of RuRhCp* toward regioselective H/D exchanges
using phen as substrate, a photocatalytic approach was
developed for generating the active RhCp* moiety by
exploiting intramolecular electron transfers from the photo-
excited Ru sphere, via the tpphz bridging ligand to the RhCp*
catalytic center.40 By utilizing 10 mol % RuRhCp* in the
presence of 0.1 M triethylamine (TEA) in a CD3CN/D2O
(2:3.5, v/v) mixture, full conversion of phen to d2-phen was
observed within 14 h of irradiation at room temperature, again
exclusively occurring at the 4,7-positions. This indicated that
the regioselectivity of the H/D exchange is neither changed by
the drastically altered composition of the catalytic solution nor
by the completely different mechanism by which the
catalytically active reduced RhCp* center was formed. As the
large excess of TEA used in these photocatalytic reactions
generated a relatively basic environment for the reduced Rh
center, the latter will be quantitatively available as a
nonprotonated Rh(I)Cp* moiety representing the actual
catalyst.40,44 This is in line with literature reports as for
other RhCp* based deuteration reactions Rh(I)Cp* units were
suggested to represent the catalytically active moiety as
well.29,30

Furthermore, on the basis of the postulated splitting of the
formate driven overall reaction converting phen to d2-phen via
reductive activation of the RhCp* catalyst and subsequent H/
D exchange events, separation of the photocatalytic process
into a photoinduced catalyst activation step and postirradiative
regioselective deuteration steps was envisaged. Therefore, the
reactions were typically performed in sealed NMR tubes and
after irradiation for 30−45 min at room temperature using one
LED stick (λmax = 465 nm, 45−50 mW/cm2), the samples were
transferred into a 50 °C water bath.
As anticipated and depicted in Figure 2, regioselective H/D

exchange occurred not only during irradiation (38% D-
incorporation after 45 min of irradiation) but also in the
postirradiation period (96% D-incorporation after 1.5 h at 50
°C and 100% deuteration after overall 3.5 h at 50 °C), again
indicated by the loss of signal intensity at 8.95 ppm and
simplification of the coupling patterns at 8.27 and 9.55 ppm.
Additional control experiments revealed that deuteration of
phen occurred neither in the absence of TEA or photocatalyst
RuRhCp* nor without irradiation at the beginning of the
process (but keeping the reaction at 50 °C) or utilizing
[(tbbpy)2Ru(tpphz)](PF6)2 instead of RuRhCp*. These

observations clearly indicated that activation of the RhCp*
moiety by a photoredox step from the Ru sphere of RuRhCp*
was initiating the deuteration process before light-independent
H/D exchanges took place, which were mediated by the
reductively activated RhCp* catalyst moiety. As RuRhCp*
allowed continuous D-labeling at the 4,7-positions after
switching off the light source, the overall deuteration process
can hence be classified as photoinduced catalytic reaction;45

the active catalyst is generated upon irradiation but is not
consumed upon converting substrate into corresponding
product. Similar to the formate-based system, the deuteration
process was sensitive to temperature changes. No further D
incorporation was observed if the reaction mixture was kept at
0 °C in the postirradiation period (Figure S8).
Additionally, an intermolecular system consisting of an

equimolar mixture of [Ru(tbbpy)3](PF6)2 and [(tbbpy)Rh-
(Cp*)Cl]Cl (both 10 mol %) yielded very similar conversion
rates of phen to d2-phen compared to the heterodinuclear
system, producing 95% D incorporation after 45 min of initial
irradiation and a subsequent 3 h lasting heating period at 50
°C (Figures S9 and S10) in the typical solvent mixture
CD3CN/D2O (2:3.5, v/v; 0.1 M TEA). As for all presented
deuteration experiments, the asymptotic convergence to
quantitative deuteration with increasing reaction time clearly
reflected the fact that the amount of nondeuterated substrate
decreased with time; hence, productive H/D exchange events
became less probable. Furthermore, if [Ru(tbbpy)3](PF6)2 is
left out of the intermolecular system, then no H/D exchange is
observed under otherwise identical conditions (Figure S10).
This clearly demonstrates the necessity of a suitable
chromophore for photochemical redox activation of the
RhCp* catalysts.
Moreover, no deuteration of phen was observed if the

solvent mixture consisted of CD3CN/H2O instead of CD3CN/
D2O. Correspondingly a complete conversion of phen to d2-
phen was achieved by utilizing a mixture of CH3CN/D2O,
identifying the acidic D atoms of D2O as the sole D source.
Consequently, the amount of incorporated D into the 4,7-
position could be controlled by varying the ratio of D2O/H2O

Figure 2. 1H NMR-spectroscopic changes of a solution containing
phen (2.5 mM), RuRhCp* (10 mol %) and 0.1 M TEA in CD3CN/
D2O (2:3.5, v/v) under argon (relative peak areas are given under
each signal). Spectrum 1 was recorded directly after preparation of the
solution, spectrum 2 was recorded after 45 min of irradiation at room
temperature. Spectra 3 and 4 were recorded after heating the sample
subsequently for the given time at 50 °C. The small peaks visible in
spectrum 1 can be assigned to RuRhCp* which faint during the
catalysis most probably due to the presence of multiple catalyst
species.
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in the reaction mixture. D incorporations of 50% or 75% at the
4,7-positions were achieved utilizing CD3CN/(H2O/D2O)-
solvent mixtures (2:(3.5), v/v) with H2O/D2O = 1:1 (v/v) or
1:3 (v/v), respectively (Figure S11). Additionally, the
incorporated D amount could be controlled within one single
reaction. By using CD3CN/D2O (2:3.5, v/v), complete
conversion of phen to d2-phen was achieved after 30 min of
irradiation and 3 h at 50 °C. After opening the sealed NMR
tube under argon, dilution of the solvent mixture by addition
of H2O reaching a ratio of D2O/H2O = 1:1 (v/v) and keeping
the whole system at 50 °C for additional 13 h, H/D
equilibration occurred, resulting in a final deuteration degree
of 50% after workup (Figure S12). Therefore, only the ratio of
acidic D and H atoms, including the exchangeable H and D
atoms of the substrate, were determining the achievable
deuteration degree.
After establishing a thorough understanding of the

deuteration processes, exploration of the substrate scope was
attempted. Despite the close electronic and structural similarity
between phen and bpy, no deuteration of the latter was
observed. This result therefore initially indicated that the
presence of the additional bond between positions 5 and 6 in
phen with mainly olefinic character might be involved in
binding the substrate to the reductively activated RhCp*
catalyst thereby explaining the observed 4,7-regioselectivity by
π-orbital−metal interaction directed insertion of the catalyst
into the spatially closest C−H bond.29,30

However, 2,9-dimethyl-1,10-phenanthroline (2,9-Me2-
phen) and 2,9-diphenyl-1,10-phenanthroline, as well as
[(tbbpy)2Ru(phen)](PF6)2 and benzo[h]quinoline, were no
suitable substrates for the H/D exchange process as well,
despite providing accessibility to an olefinic backbone.
Therefore, the availability of a rigid and sterically non-
demanding N,N-chelating sphere capable of interacting with
Rh(I)Cp* moieties was then considered to be essential for a
successful deuteration. Consequently, 1,10-phenanthroline
derivatives exhibiting steric constraints directly at or near to
the olefinic backbone such as 4-methyl-1,10-phenanthroline
(4-Me-phen), 5-methyl-1,10-phenanthroline (5-Me-phen),
and 5,6-dimethyl-1,10-phenanthroline (5,6-Me2-phen) also
proved to be suitable substrates for thermal as well as
photocatalytic H/D exchanges (Scheme 2). Again, 1H NMR

spectroscopic analysis revealed a regioselective 4,7-deuteration
if possible, i.e., no deuterodemethylation was observed for 4-
Me-phen (Figures S13−S16). Therefore, isolation of 7-
deutero-4-methyl-1,10-phenanthroline (d1-4-Me-phen, Figures
S17−S19) starting from 4-Me-phen, 4,7-dideutero-5-methyl-
1,10-phenanthroline (d2-5-Me-phen, Figures S20−S22) using
5-Me-phen and 4,7-dideutero-5,6-dimethyl-1,10-phenanthro-
line (d2-5,6-Me2-phen, Figures S23 and S24) utilizing 5,6-
Me2-phen as substrate for the H/D exchange processes was
possible (see also the respective mass spectra in the section 6

of the Supporting Information). As for these at the olefinic 5,6-
backbone sterically crowded substrates, quantitative deutera-
tion was observed on very similar time scales compared to
phen, i.e., within 3 h at 50 °C utilizing the thermal approach
with [(tbbpy)Rh(Cp*)Cl]Cl (10 mol %) as catalyst or after 30
min of irradiation and subsequent treatment at 50 °C for 3 h
using RuRhCp* (10 mol %), an interaction of the reduced
RhCp* moiety with the olefinic backbone of high importance
for the overall H/D exchange process was excluded. Otherwise
with increasing steric demand, a significantly decreased
reaction rate would have been expected for these methylated
1,10-phenanthrolines. In addition, since N,N-ligand alkylation
has a much stronger impact on the redox properties of the
corresponding Rh complex intermediates compared to the
exchange of unmodified phen for bpy, the unsuccessful H/D
exchange reactions for bpy can rather be ascribed to structural
reasons than to very small potential differences of the
respective Rh(III)/Rh(I) couples.46

To delineate why a free N,N-coordination sphere, which has
to be sterically accessible by a RhCp* moiety, represented the
paramount structural criterion for successful substrate
selection, several catalysis experiments were performed. First,
incubation of equimolar amounts of [(tbbpy)Rh(Cp*)Cl]Cl
and phen under typical thermal catalysis conditions resulted in
the isolation of pure tbbpy after Et2O extraction and filtration
through Celite. This unexpected result47 clearly indicated that
a reduced Rh moiety was able to exchange coordination
spheres along with having a strong preference for binding to
the phen ligand. A similar result was achieved if equimolar
amounts of RuRhCp* and phen were subjected to the above-
mentioned thermal deuteration process. After typical workup
no Et2O soluble compound could be isolated, indicated by the
absence of any aromatic 1H NMR resonance, suggesting a
coordination sphere exchange of the reductively activated
RhCp* moiety yielding most probably the Et2O insoluble
[(tbbpy)2Ru(tpphz)]

2+ and [(phen)Rh(Cp*)Cl]+ complexes.
Using the same approach, incubation of a 1:1 ratio of
[(tbbpy)Rh(Cp*)Cl]Cl and 2,9-Me2-phen or 5,6-Me2-phen,
respectively, resulted in the isolation of pure 2,9-Me2-phen for
the first reaction and pure tbbpy for the second reaction. As
from these two dimethylated 1,10-phenanthrolines, only 5,6-
Me2-phen proved to be a suitable substrate for deuteration, the
results from these ligand exchange reactions clearly demon-
strated that H/D exchanges can only occur if a coordination
sphere exchange of the RhCp* moiety is sterically feasible.
These findings were scrutinized by UV−vis absorption and

emission spectroscopy using RuRhCp* as an optical probe for
an in operando analysis of coordination sphere exchanges. As
depicted in Figure 3, generation of two-electron-reduced
RuRhCp* bearing a Rh(I)Cp* moiety in the presence of
NaHCO2 leads to a broad absorbance at 650 nm known to
indicate the formation of the Ru(II)-tpphz-Rh(I) state.40

Interestingly, this cannot be observed in the presence of phen
but is visible if 2,9-Me2-phen was used under otherwise
identical conditions (panels 1 and 2). Complex [(phen)Rh-
(Cp*)Cl]Cl does not exhibit an intense absorption band in
this area under identical conditions (Figure S25). The results
obtained with RuRhCp* therefore indicated that an exchange
of the Rh center occurred with phen but not with 2,9-Me2-
phen. In the latter case, the Rh center is therefore still attached
to the [(tbbpy)2Ru(tpphz)]

2+-moiety giving rise to the
relatively strong absorbance at 650 nm. On the basis of
these UV−vis spectroscopic evidence, emission spectroscopy

Scheme 2. Molecular Structures and Acronyms of
Methylated 1,10-Phenanthrolines (left) and Their
Corresponding Deuterated Products (right)
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was applied under the same conditions. It is known that
[(tbbpy)2Ru(tpphz)]

2+ is a comparably strong emitter in
absence of water, whereas dinuclear complexes RuRhCp* and
corresponding reduced [(tbbpy)2Ru(tpphz)Rh(I)Cp*]

2+ are
weak emitters.40 Accordingly, an increase in emission intensity
reaching that of mononuclear [(tbbpy)2Ru(tpphz)]

2+ (Figure
S26) was observed for the solution containing phen (Figure
S27) as the absence of the Rh center from RuRhCp* excludes
the possibility of a luminescence quenching pathway by
intramolecular electron transfer between the two metals.40

Consistent with the UV−vis absorption data no such emission
increase was observed for 2,9-Me2-phen (Figure S25). The
data hence reveal a correlation between successful H/D-
exchange and the ability of the Rh(I) species to exchange
binding sites with sterically accessible 1,10-phenanthrolines.
However, as under nonreducing conditions an emission

increase for RuRhCp* in the presence of phen was also
detected, a more detailed analysis regarding the exchange
kinetics was performed. As shown in Figure 3 (panels 3 and 4),
subsequent addition of excess phen to chemically prereduced
RuRhCp* revealed an almost instantaneous bleaching of the
650 nm absorbance as well as a correspondingly fast emission
intensity increase reaching that of mononuclear [(tbbpy)2Ru-
(tpphz)]2+ (Figure S28). In contrast, only a slow increase of
emission was observed for nonreduced RuRhCp* bearing a
Rh(III) center (panels 5 and 6).
Only after more than 2 h of reaction did we obtained an

emission intensity similar to [(tbbpy)2Ru(tpphz)]
2+ (Figure

S26). Consequently, the ligand exchange kinetics are strongly
dependent on the redox state of the RhCp* moiety. On the

basis of these findings using RuRhCp* as an optical probe, a
reaction mechanism can be proposed (Scheme 3). Utilized

catalysts [(tbbpy)Rh(Cp*)Cl]Cl and RuRhCp* act as
molecularly defined efficient RhCp* releasers after they
become reduced in the starting phase of the catalysis. In the
next step, the coordinative lability of a reductively activated
Rh(I)Cp* moiety in the presence of excess N,N-chelating
ligands leads to reversible coordination site exchanges of
reduced RhCp* centers ultimately inducing H/D substitutions
on the coordinated phenanthroline ligands with the solvent.
An experimental hint on the stability of the rhodium-based

coordination sphere resulted from the observation that
incubation of an already reduced Rh(I) center, [Rh(cod)Cl]2,
together with phen under catalytic conditions, did not yield d2-
phen. Therefore, the Cp* ligand seems to be indispensable for
the H/D-exchange process and hence changes the coordina-
tion sites along with the reduced Rh center. A possible
explanation for the deuteration promoting effect of the Cp*
ligand could be the special electronic situation in the
[(phen)Rh(Cp*)] intermediate. An electron density shift
from the perpendicularly oriented electron-rich Cp* ligand
onto electron-density-accepting ligand phen48,49 might specif-
ically decrease the stability of the 4,7-C−H bonds which could
offer the possibility of H/D exchange with the solvent (Scheme
3).
Although the symmetry of phen precluded the 1H NMR

spectroscopic observation of a 1-fold deuterated intermediate
as suggested in the mechanism depicted in Scheme 3, mass
spectrometric analysis of 50% deuterated phen, generated
using the CD3CN/(D2O/H2O) = 2:3.5 (D2O/H2O = 1:1, v/
v) solvent system and RuRhCp* described above, in fact
confirmed a purely statistical H/D distribution, i.e., a 1:2:1
ratio of phen/d1-phen/d2phen (Figures S90−S92). At Rh(I)-
Cp*-bound phen either none, one, or two H/D exchanges
might occur prior to Rh(I)Cp* decoordination. This
temporarily deactivates phen for further isotope scrambling
until it enters a new H/D exchange cycle by coordinating to an
available Rh(I)Cp* again.
To further confirm this reaction mechanism, impeding the

hypothesized important coordination sphere exchange after
initial reduction of the applied precatalyst was envisaged. As
Zn2+ ions are well-known to coordinate to N,N-chelating
ligands such as phen,50−52 they were added to the solution to
block the otherwise sterically well accessible coordination site
for an H/D exchange inducing RhCp* moiety. In accordance
with the mechanism depicted in Scheme 3, combining

Figure 3. UV−vis absorption and emission spectra in MeOH showing
RuRhCp* (10 μM) as absorbent and luminescent probe for the
evaluation of the reaction mechanism. Panels 1−4: Ar atmosphere, 25
mM NaHCO2; panels 5−6: air, no NaHCO2 added. Panels 1 and 2:
50 °C; panels 3−6: room temperature. Panels 1 and 2: 250 μM phen
(1) or 2,9-Me2-phen (2) were added at the start of the reaction,
respectively; panels 3−6: after an initial incubation period, 250 μM
phen were added separately, indicated by the black arrows.

Scheme 3. Possible Reaction Mechanism of the RhCp*-
Catalyzed Regioselective 4,7-Deuteration of 1,10-
Phenanthroline Derivatives
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equimolar amounts of [(tbbpy)Rh(Cp*)Cl]Cl and phen
together with ZnCl2 (1.5 equiv) under typical thermal
activation conditions resulted in isolation of pure undeuterated
phen after workup (see the Supporting Information for
experimental details).
A final experiment to support the hypothesized reaction

mechanism was aimed at the H/D exchange of the model
intermediate [(phen)Rh(Cp*)]. After accessing the latter by
reduction of [(phen)Rh(Cp*)Cl]Cl with CoCp2 in CD3CN,
addition of D2O led to the typical disappearance of one 1H
NMR signal over time (Figure S29). By comparison with the
1H NMR spectra of phen and [(phen)Rh(Cp*)Cl]Cl (Figures
1 and S30), these 1H NMR spectroscopic changes were
interpreted as 4,7-deuteration of the chemically reduced
[(phen)Rh(Cp*)] complex, fortifying the mechanistic scenario
of Scheme 3.
Considering all above-mentioned prerequisites for successful

deuteration reactions, 5-chloro-1,10-phenanthroline (5-Cl-
phen) proved to be a further suitable substrate for deuterium
labeling. Contrary to previously reported systems,53 no
deuterodechlorination occurred using our mild RhCp*-based
approach, as merely the loss of two signals without any
detectable chemical shift of the remaining peaks was observed
(Figure 4). Unequivocal signal assignment was based on

chemical shifts, coupling constants, NOE experiments (Figure
S31) as well as on a H,H-COSY spectrum (Figure S32) again
revealing regioselective 4,7-deuteration. Interestingly, the 4-
position, which is adjacent to the 5-Cl substituent, exhibited a
faster H/D exchange than the 7-position, leading to the
conclusion that the deuteration process might be controlled
electronically rather than sterically. Accordingly, the coupling
patterns of the 2- and 3-positions were simplified faster to a
doublet than the 1H resonances of H8 and H9. Similar to d2-
phen, the fully 4,7-deuterated 5-Cl-1,10-phenanthroline (d2-5-
Cl-phen) exhibits a splitting of both 13C singlets into triplets
upon deuteration (Figures S33−S35).
H/D exchange at the 4,7-positions of 5-Cl-phen was also

possible utilizing RuRhCp* via the thermal formate-based
approach as well as via the photoinitiated pathway using TEA
as a sacrificial electron donor (Figures S36 and S37).
Compared to the H/D exchange with phen (Figure S6),

conversion of 5-Cl-phen to d2-5-Cl-phen was much faster
(formate-based thermal process). Here full conversion was
achieved within 20 min at 50 °C using 10 mol % catalyst
RuRhCp* instead of 2 h if phen was used as substrate.
Together with the above-mentioned kinetically preferred 4-
deutaration of 5-Cl-phen, both observations indicated a
reaction rate increasing effect of electron withdrawing
substituents.
Encouraged by the successful regioselective deuteration of 5-

Cl-phen, 5-bromo-1,10-phenanthroline54 (5-Br-phen) was
subjected to the two methods for H/D exchange using
RuRhCp* as the catalyst. Using the formate-based approach
first, a very similar behavior compared to 5-Cl-phen is
observed (Figure 5), i.e., the 4- and 7-positions are deuterated

relatively fast within 15 to 45 min at 50 °C (see spectra 1−3).
Again, the H/D exchange process is significantly accelerated
compared to simple phen by introduction of the electron
withdrawing bromine substituent.
However, after prolonged heating new peaks appeared at

9.10, 7.97, and 7.78 ppm, whereas the signals formerly located
at 9.15, 8.39, and 7.91 ppm decreased notably. The most
significant signal rearrangement was observed for the singlet
located at 8.39 ppm which was shifted to 7.97 ppm, indicating
that changes in the electronic structure introduced by the
occurring reaction were very pronounced at the 6-position of
the 5-bromo substituted phenanthroline. The signal ratio of
the final product was determined to be 2:1:2 for the peaks at
9.10, 7.97, and 7.78 ppm. By comparing the isolated reaction
product with phen as well as d2-phen it became clear that 5-
Br-phen was converted to 4,5,7-trideutero-1,10-phenanthro-
line (d3-phen) via initial generation of 5-bromo-4,7-dideutero-
1,10-phenanthroline (d2-5Br-phen) and a much slower
subsequent deuterodebromination (Figure S38). As the two
processes were kinetically very well resolved (Figure 5), pure
d2-5-Br-phen (Figures S39 and S40) as well as pure d3-phen
could be separately obtained depending on the reaction time
after which the catalysis was stopped (see also the respective
mass spectra in section 6 of the Supporting Information).
As no deuterodechlorination was observed for 5-Cl-phen

during H/D exchange conditions, the different strengths of the

Figure 4. 1H NMR spectroscopic changes of a mixture containing 5-
Cl-phen (25.7 mM), [(tbbpy)Rh(Cp*)Cl]Cl (0.75 mM, 3 mol %),
and NaHCO2 (120 mM) in MeOD-d4 under argon at 50 °C. The
respective reaction time is represented in each spectrum.

Figure 5. 1H NMR spectroscopic changes of a reaction mixture
containing 5-Br-phen (2.5 mM), RuRhCp* (10 mol %), and
NaHCO2 (25 mM). The intense singlet at 8.55 ppm can be assigned
to HCO2

−. The reaction time at 50 °C is depicted on the left side of
each spectrum.
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C−X bonds55 might control, whether the halogen substituent
can be exchanged for deuterium upon binding of the
reductively activated RhCp* moiety to the respective 1,10-
phenanthroline. For the photoinduced process using
RuRhCp*, complete conversion of 5-Br-phen to d3-phen
was only observed if the sample was irradiated and heated in
parallel for a prolonged time of 70 h. A possible reason could
be that during the long reaction time needed to replace all Br
substituents by D, a gradual degradation or reoxidation of the
RhCp* center occurred, which made a constant photoinduced
catalyst reactivation indispensable for a clean conversion of 5-
Br-phen to d3-phen.
On the basis of the observed Br/D exchange using 5-Br-

phen, also 5,6-dibromo-1,10-phenanthroline54 (5,6-Br2-phen)
was subjected to both formate-based and photoinduced H/D
exchange conditions utilizing 10 mol % RuRhCp* in order to
clarify, whether deuterodebromination is a generally occurring
phenomenon under these reaction conditions and additional
deuteration patterns may be obtained using suitably bromi-
nated 1,10-phenanthrolines. Pleasingly, also for 5,6-Br2-phen
new peaks appeared in the 1H NMR spectra and formerly
present signals diminished (Figure S41). After completion of
the reaction, only two doublet signals (J = 4.4 Hz) at 9.09 and
7.78 ppm with a peak area ratio of 1:1 were observed. By
comparing the isolated product with phen, d2-phen, and d3-
phen (Figure 6), it became clear that a 2-fold deuterode-

bromination occurred, together with the well-known 4,7-H/D
exchange, finally yielding 4,5,6,7-tetradeutero-1,10-phenan-
throline (d4-phen). Similar to the photocatalytic generation
of d3-phen from 5-Br-phen, complete conversion of 5,6-Br2-
phen to d4-phen was only successful by applying irradiation
and 50 °C in parallel using RuRhCp*.
Moreover, a closer look into the relative peak areas during

the conversion of 5,6-Br2-phen to d4-phen revealed (Figure
S41) that no deuteration of 5,6-Br2-phen took place prior to
an initiating slow Br/D exchange (Scheme 4). Therefore,
neither 5,6-dibromo-4-deutero-phenanthroline nor 5,6-dibro-
mo-4,7-dideutero-1,10-phenanthroline represented an exper-
imentally detectable intermediate of the H/D exchange
process, but it allowed 5-bromo-6-deutero-1,10-phenanthroline
(d1-5-Br-phen) to be isolated after shorter reaction times
(Figures S42 and S43 as well as mass spectra in section 6 of the
Supporting Information).

Especially in view of the challenging deuteration process of
brominated phenanthrolines, the typically utilized catalyst
amount of 10 mol % may represent the lowest common
denominator allowing for all substrates and activation methods
reliable and efficient H/D exchanges. However, using phen as
model substrate, even 1 mol % [(tbbpy)Rh(Cp*)Cl]Cl was
sufficient to effectively produce d2-phen following formate-
based catalyst activation (Figure S44). In contrast to the 18 h
required for a 3.5 mol % [(tbbpy)Rh(Cp*)Cl]Cl solution to
fully deuterate phen at the 4,7-positions (Figure 1), here 45 h
had to be applied for nearly quantitative turnover. Therefore, if
longer reaction times are acceptable, then lower catalyst
loadings also seem to lead to sufficiently high D-incorpo-
rations, in particular for these substrates not undergoing slow
Br/D exchanges.
Finally, as coordination sphere exchanges represented the

key step for catalytic deuteration, an in situ formation of the
active H/D exchange inducing species was intended. As the
[Rh(Cp*)Cl2]2 precursor is typically cleaved by diimine
ligands within minutes56 [Rh(Cp*)Cl2]2 (5 mol %), phen (6
mM), and NaHCO2 (25 mM) were dissolved in MeOD-d4 at
50 °C under argon. Pleasingly, full conversion of different 1,10-
phenanthrolines (phen, 4-Me-phen, 5-Me-phen, 5-Cl-phen,
and 5,6-Me2-phen) into their regioselectively 4,7-deuterated
derivatives were observed within 3 h (Scheme 4).
Consequently, reduced [(phen)Rh(Cp*)] derivatives in-

deed represent an intermediate of the catalytic cycle as
depicted in Scheme 3.

Figure 6. 1H NMR spectra of d4-phen (spectrum 1), d3-phen
(spectrum 2),d2-phen (spectrum 3), and phen (spectrum 4) in
CDCl3.

Scheme 4. General Reaction Scheme for the Purely Thermal
[Rh(Cp*)Cl2]2 Catalyzed H/D Exchangea

aPurely thermal [Rh(Cp*)Cl2]2-catalyzed H/D exchange (top),
yielding the depicted 4,7-deuterated phenanthrolines (central row),
Br-containing phenanthrolines were not examined. Bottom: Reaction
sequence of the thermal and photochemical deuteration of 5-Br-phen
and 5,6-Br2-phen utilizing [(tbbpy)Rh(Cp)*Cl]Cl and RuRhCp*
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■ CONCLUSION

In summary a new catalytic process for the mild regioselective
deuterium labeling of seven different 1,10-phenanthroline
derivatives using RhCp* catalysts was developed. By careful
variation of reaction parameters, identification of a two-step
mechanism consisting of a reductive activation phase followed
by subsequent H/D exchange events was possible. On the
basis of the well-known chemistry of the utilized catalysts,
activation of the catalytic RhCp* unit was achieved via two
completely different pathways using either formate in a purely
thermal approach or exploiting inter- and intramolecular
photoredox chemistry. Both investigated catalysts, RuRhCp*
and [(tbbpy)Rh(Cp)*Cl]Cl, were able to fully convert seven
different 1,10-phenanthrolines into their deuterated derivatives
following the thermal route (Scheme 4). Furthermore, using
RuRhCp* all seven 1,10-phenanthrolines were also photo-
chemically converted into the desired deuterated product.
As a result of the pronounced coordinative lability of the

reduced RhCp* moiety in the presence of excess 1,10-
phenenathrolines bearing a sterically accessible N,N-coordina-
tion site, destabilization of the 4,7-C−H bonds upon
interaction with a Rh(I)Cp* unit released from the employed
precatalysts is suggested to induce H/D exchanges with the
acidic deuterons of the solvent. By additionally exploiting the
much slower process of deuterodebromination, regioselectively
deuterated 1,10-phenanthrolines incorporating two, three or
four D atoms were accessible.
In fact, the developed process represents for the first time a

chemical system in which regioselective H/D exchanges can be
initiated by two orthogonal external stimuli, i.e., temperature
or light. In case of the light-activated H/D exchange, catalytic
turnover is also observed in the postirradiation period,
classifying this process as photoredox induced catalytic
reaction.45,57 In contrast, the majority of photocatalytic
reactions can be described as photoassisted reactions in
which the catalytically active species has to be photochemically
regenerated after each turnover.45 Moreover, RuRhCp* not
only exhibits the dual ability to be activated thermally or
photochemically but additionally serves as optical probe
identifying the successful reduction of Rh(III) to Rh(I) via
the absorption band at 650 nm. Additionally, the presence of
the Rh(I) center within the heterodinuclear complex or bound
to potential substrate phenanthrolines can be evaluated via
emission intensity alterations between RuRhCp* (not
emissive) and the in situ formed [(tbbpy)2Ru(tpphz)]

2+

complex (relatively strong emission). The application of
these properties unique for the heterodinuclear complex
yielded essential information for the clarification of the
reaction mechanism.
On the basis of the identification of the catalytic mechanism,

it was possible to device a relatively fast and less synthetically
challenging strategy for regioselective deuteration of phenan-
throlines. Taking advantage of the efficient cleavage of
commercially available [Rh(Cp*)Cl2]2 by the utilized phenan-
throlines, it was shown that following the thermal reduction an
in situ formation of a suitable precatalyst allowed quantitative
regioselective deuterations of various 1,10-phenanthrolines as
well. Besides the unambiguous identification of reduced
[(phen)Rh(Cp*)] derivatives as intermediates of the catalytic
cycle, this approach further reduces the synthetic effort for
mild and very selective deuterations of 1,10-phenanthrolines.
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1. Experimental Details: 

NMR spectra were recorded either on a Bruker Avance 400 MHz or on a Bruker Avance 500 MHz. All spectra were 

measured at room temperature and referenced to the solvent residual peaks (7.26 ppm (singlet, 1H-spectra) or 

77.16 ppm (triplet, 13C-spectra) for CDCl3, 3.31 ppm (quintet, 1H-spectra) or 49.00 ppm (septet, 13C-spectra) for d4-

MeOD and 4.79 ppm (singlet, 1H-spectra) for D2O/CD3CN mixtures).  

UV-vis absorption spectroscopy was performed on a JASCO V-670 UV-vis-NIR Spectrophotometer using gas-tight 

quartz glass cuvettes (d = 10.0 mm, Hellma). Emission spectroscopy was performed on a JASCO FP-8500 Fluorescence 

Spectrometer with gas-tight quartz glass cuvettes (d = 10.0 mm, Hellma). In all cases methanol of spectroscopic grade 

was used as solvent. Samples under oxygen free conditions were prepared in an argon filled glovebox using degassed 

methanol (per 1 mL of solvent, argon was bubbled through the liquid for 1.5 min). 

High resolution mass spectrometry (HRMS) was performed using a Fourier Transform Ion Cyclotron Resonance (FT-

ICR) mass spectrometer solariX (Bruker Daltonics) equipped with a 7.0 T superconducting magnet and interfaced to an 

Apollo II Dual ESI/MALDI source. For all MALDI measurements trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-

propenylidene]malononitrile (DCTB) was used as matrix. Spectra were analyzed with the DataAnalysisViewer 4.2 from 

Bruker and transferred to Origin 9.0. Spectra simulation was performed with mMass Version 5.5.0 and transferred to 

Origin 9.0 as well. Calculation of mass peaks for the deuterated phenanthrolines was performed using the Analysis Tool 

in ChemDraw Professional (Version 17.1.0.105 (19)). 

All chemicals were purchased from commercial suppliers and used without further purification. 1,10-Phenanthroline 

(phen) was obtained from abcr GmbH, 5-chloro-1,10-phenanthroline (5-Cl-phen), 4-methyl-1,10-phenanthroline (4-

Me-phen), 5-methyl-1,10-phenanthroline (5-Me-phen), 5,6-dimethyl-1,10-phenanthroline (5,6-Me2-phen), 2,9-

dimethyl-1,10-phenanthroline and 2,2´-bipyridine (bpy) all were obtained from Alfa Aesar, benzo[h]quinoline was 

purchased from TCI. 

[(tbbpy)2RuCl2],1 [Ru(tbbpy)3](PF6)2,2 [(tbbpy)2Ru(tpphz)](PF6)2,3 [(tbbpy)2Ru(tpphz)Rh(Cp*)Cl]Cl(PF6)2 

(RuRhCp*),4 5-bromo-1,10-phenanthroline (5-Br-phen),5 5,6-dibromo-1,10-phenanthroline (5,6-Br2-phen),5 

[RhCl2(Cp*)]2,6 [(phen)Rh(Cp*)Cl]Cl7 and 2,9-diphenyl-1,10-phenanthroline8 were synthesized according to literature 

protocols. 

 

Synthesis of [(tbbpy)Rh(Cp*)Cl]Cl:  

32 mg 4,4´-tert-butyl-2,2´-bipyridine (0.12 mmol, 2 eq.) and 37 mg [RhCl2(Cp*)]2 (0.06 mmol, 1 eq.) were dissolved in 

5 mL CH2Cl2 and stirred for 4 h at room temperature. After evaporation of the solvent the residue was again dissolved 

in a very small amount of CH2Cl2 and 15 mL Et2O were added resulting in the formation of a yellow precipitate. The 

latter was filtered off and washed two times with 10 mL Et2O. After drying the solid under vacuum, 69 mg (0.12 mmol, 

100 %) of the pure product were obtained. 

1H-NMR (400 MHz, CDCl3)  8.79 (d, J = 5.9 Hz, 2H), 8.32 (d, J = 1.4 Hz, 2H), 7.78 (dd, J = 5.9, 1.4 Hz), 1.74 (s, 15H), 1.43 

(s, 18H). 

13C-NMR (101 MHz, CDCl3)  165.3, 154.2, 151.3, 125.9, 121.0, 97.3 (d, 1JRh,C = 8.1 Hz), 35.9, 30.5, 9.3. 

HRMS (MALDI-FT-ICR; [M] = C28H39Cl2N2Rh): calcd. for [M - Cl]+ 541.1857, found 541.1844; calcd. for [M - 2Cl]+ 

506.2168, found 506.2157. 
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Synthesis of [(tbbpy)2Ru(phen)]Cl2:  

87.1 mg (0.123 mmol, 1 eq.) [(tbbpy)2RuCl2] and 24.8 mg (0.125 mmol, 1.02 eq.) 1,10-phenanthroline were suspended 

in a mixture of 30 mL EtOH and 10 mL H2O in a 100 mL round bottom flask. After heating the solution for 2.5 h at 250 W 

in a microwave under air, the color of the solution turned from violet to intense red. Subsequently all solvents were 

removed by means of rotary evaporation and the remaining red solid was dispersed in 20 mL Et2O. After ultrasonication 

for 5 minutes, the red product was filtered off and washed two times with 10 mL of Et2O. After drying the substance 

under vacuum, 103 mg (0.116 mmol, 94 %) of the pure product were obtained. 

1H-NMR (400 MHz, d4-MeOD)  8.77 (d, J = 2.0 Hz, 2H), 8.73 (d, J = 2.0 Hz, 2H), 8.70 (dd, J = 8.2, 1.1 Hz, 2H), 8.31 (s, 2H), 

8.17 (dd, J = 5.2, 1.1 Hz, 2H), 7.84 (dd, J = 8.2, 5.2 Hz, 2H), 7.80 (d, J = 6.0 Hz, 2H), 7.59 (dd, J = 6.0, 2.0 Hz, 2H), 7.49 (d, 

J = 6.0 Hz, 2H), 7.34 (dd, J = 6.0, 2.0 Hz, 2H), 1.48 (s, 18H), 1.39 (s, 18H). 

13C-NMR (126 MHz, CDCl3)  164.4, 164.3, 158.6, 158.4, 153.3, 152.2, 152.1, 149.0, 137.9, 132.5, 129.4, 127.4, 126.2, 

126.0, 122.8, 122.7, 36.7, 36.6, 30.6, 30.6. 

HRMS (MALDI-FT-ICR; [M] = C48H56Cl2N6Ru): calcd. for [M - Cl]+ 853.3309, found 853.3306; calcd. for [M - 2Cl]+ 

818.3624, found 818.3613. 

 

Typical procedure for the deuteration of phenanthrolines:  

Into a sealable NMR tube or glass vial (VWR Screw Vial, 4 mL, 45 x 14.15 mm). the appropriate amounts of substrate as 

well as corresponding catalyst were added via CH2Cl2 stock solutions. After evaporation of the solvent at 40 - 60 °C in 

an oven, the NMR tube was introduced into a glovebox and typically 550 µL of the NMR-solvent(mixture) was added, 

which contained the reducing agent. All solvents used to perform the reactions were degassed for 1.5 min per mL prior 

to use. In case of the formate induced H/D exchange process, typically 550 µL of a d4-MeOD stock solution containing 

25 mM NaHCO2 was added to substrate and catalyst. For the photocatalytic process substrate and catalyst were 

dissolved in a CD3CN:D2O = 2:3.5 mixture (200 µL of CD3CN were added first to guarantee solving of all compounds; 

then D2O containing 0.157 M TEA was added, resulting in a final TEA concentration of 0.1 M). Temperature controlled 

heating of the samples was performed using a water bath equipped with a thermometer on top of a heating plate, cooling 

of the samples to 0 °C was achieved using an ice/water mixture. Irradiation of the samples was performed with one 

blue light LED-stick ( = 465 nm, 45-50 mW/cm2) in a custom-made reactor, equipped with two ventilators for 

suppressing photoinduced heating of the samples. 

 

Isolation of the deuterated products from the reaction mixtures was performed as follows:  

After completion of reaction (which was checked via 1H-NMR spectroscopy if NMR-tubes were used as reaction vessels) 

the solution was first poured into a glass vial (VWR Screw Vial, 4 mL, 45 x 14.15 mm). Then the NMR tube was washed 

two times with 1 mL CH2Cl2, which was poured into the glass vial as well. After evaporation of the solvent using 

pressured air, 10 mL Et2O was added to the residue. After ultrasonication for 30 sec the suspension was filtered through 

celite. Evaporation of the solvent and drying the remaining solid under vacuum yielded the pure (partially) deuterated 

1,10-phenanthroline (if RuRhCp* was used as catalyst). 
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Phenanthroline isolation in presence of ZnCl2:  

After the desired reaction time (typically 2 h) the mixture was poured into a glass vial and the NMR tube was washed 

two times with 1 mL methanol. Then roughly 500 µL aqueous (NH4)2S solution (20 w%) were added and the mixture 

was stirred for 10 minutes at 50 °C. The white precipitate was filtered off using a celite filter and the clean filtrate was 

collected with another glass vial. After evaporation of all volatiles using pressured air, extraction of the phenanthroline 

was possible by performing the following steps three times: Addition of 3 mL Et2O followed by ultrasonication for 30 sec 

and filtration through celite. Finally, evaporation of Et2O from the combined clear filtrates allowed 1H-NMR 

characterization of the residue. 

 

Mechanistic investigations using UV-vis-absorption and emission spectroscopy:  

For all investigations MeOH of spectroscopic grade was used. Samples which were handled under oxygen free 

conditions were prepared in an argon filled glovebox. For this purpose, MeOH was degassed for at least 1.5 min per 

1 mL. A MeOH stock solution containing 25 mM NaHCO2 was directly prepared inside the argon filled glovebox. The 

detailed experimental proceeding was as follows: After charging glass vials (VWR Screw Vial, 4 mL, 45 x 14.15 mm) 

with the corresponding complex (and, if necessary, 1,10-phenanthrolines) using DCM stock solutions of the respective 

compounds and Hamilton microsyringes, the solvent was evaporated using pressured air. Then, the appropriate solvent 

volume was added (V = 2.5 mL) and after 1 min of shaking, the solutions were transferred into sealable quartz cuvettes 

(10 x 10 mm, Hellma). Emission spectra were recorded after excitation of the samples with exc = 440 nm. 

The solutions for subsequent phen addition contained RuRhCp* (10 µM) to avoid any dilution effect as well as phen 

(2.75 mM). The substances were dissolved in the respective solvent. 500 µL of these solutions were prepared but only 

250 µL of these were subsequently added to the 2.5 mL inside the cuvette.  

 

Deuteration of [(phen)Rh(Cp*)]: 

First of all, a 6 mM solution of [(phen)Rh(Cp*)Cl]Cl in CD3CN (V = 2 mL) inside an argon filled glovebox was prepared. 

This solution was mixed with excess CoCp2 and then stirred for 20 h at room temperature. After filtration of the reaction 

mixture, a green solution was obtained. A 200 µL aliquot of the latter was combined with 350 µL D2O serving as source 

of deuterons and – using a Young tube as reaction vessel –  an 1H-NMR spectrum was recorded immediately. Afterwards 

the Young tube was placed into a 50 C warm water bath and after specific time intervals (see Figure S29) 1H-NMR 

spectra were recorded again. 

  



 

S5 

2. Suitable substrates for catalytic deuterations (includes Figure S1):  

Seven different 1,10-phenanthrolines (see below) proved to be suitable substrates for the catalytic H/D exchange 

processes. As a result of the kinetically well resolvable process utilizing 5-Br-phen and 5,6-Br2-phen as substrates, 

nine regioselectively deuterated 1,10-phenanthrolines could be isolated (see next page). 

 

Figure S1: Molecular structures and acronyms of the seven successfully identified 1,10-phenanthroline derivatives 

which undergo RhCp* catalyzed H/D exchanges. 
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3. Overview over successful and unsuccessful deuteration reactions (includes Figure S2):  

From the below depicted successful deuteration reactions, merely d3-5Br-phen could not be isolated in pure form but 

was detected as an intermediate towards the formation of d4-phen via 1H-NMR spectroscopy. 

 

Figure S2: Left: Molecular structures and reaction pathways for the 1,10-phenenthroline derivatives which undergo 

RhCp* catalyzed regioselective H/D-exchanges. Right: Molecular structures of 1,10-phenenthroline derivatives or 

corresponding reaction conditions which resulted in no successful deuterations. 
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4. Summarized characterization details of the deuterated products: 

4,7-Dideutero-1,10-phenanthroline (d2-phen): 1H-NMR (400 MHz, CDCl3)  9.14 (d, J = 4.3 Hz, 2H), 7.75 (s, 2H), 7.59 (d, 

J = 4.3 Hz, 2H). 13C-NMR (101 MHz, d4-MeOD)  151.0, 146.7, 137.7 (t, 1JC,D = 25.0 Hz), 130.2, 127.8, 124.6. HRMS (ESI; 

[M] = C12H6D2N2): calcd. for [2M+Li]+ 371.1786, found 371.1787; calcd. for [2M+Na]+ 387.1524, found 387.1523; calcd. 

for [2M+K]+ 403.1262, found 403.1265; calcd. for [3M+Na]+ 569.2337, found 569.2345. 

 

7-Deutero-4-methyl-1,10-phenanthroline (d1-4-Me-phen): 1H-NMR (400 MHz, CDCl3)  9.20 (d, J = 4.3 Hz, 1H), 9.05 (d, 

J = 4.4 Hz, 1H), 8.03 (d, J = 9.1 Hz, 1H), 7.83 (d, J = 9.1 Hz, 1H), 7.64 (d, J = 4.3 Hz, 1H), 7.48 (dq, J = 4.4, 0.8 Hz, 1H), 2.81 

(d, J = 0.8 Hz, 3H). HRMS (ESI; [M] = C13H9DN2): calcd. for [2M+Li]+ 397.1974, found 397.1995; calcd. for [2M+Na]+ 

413.1711, found 413.1718; calcd. for [2M+K]+ 429.1451, found 429.1473; calcd. for [3M+Na]+ 608.2618, found 

608.2665. 

 

4,7-Dideutero-5-methyl-1,10-phenanthroline (d2-5-Me-phen): 1H-NMR (400 MHz, CDCl3)  9.21 (d, J = 4.4 Hz, 1H), 

9.13 (d, J = 4.4 Hz, 1H), 7.68 (d, J = 4.4 Hz, 1H), 7.63 (q, J = 1.1 Hz, 1H), 7.61 (d, J = 4.4 Hz, 1H), 2.78 (d, J = 1.1 Hz, 3H). 

HRMS (ESI; [M] = C13H8D2N2): calcd. for [2M+Li]+ 399.2099, found 399.2090; calcd. for [2M+Na]+ 415.1837, found 

415.1826; calcd. for [3M+Na]+ 611.2806, found 611.2798. 

 

4,7-Dideutero-5,6-dimethyl-1,10-phenanthroline (d2-5,6-Me2-phen): 1H-NMR (400 MHz, CDCl3)  9.14 (d, J = 4.3 Hz, 

2H), 7.65 (d, J = 4.3 Hz, 2H), 2.74 (s, 6H). HRMS (ESI; [M] = C14H10D2N2): calcd. for [2M+Li-CH3]+ 412.2177, found 

412.2203; calcd. for [2M+Li]+ 427.2412, found 427.2419; calcd. for [2M+Na]+ 443.2150, found 443.2176. 

 

5-Chloro-4,7-dideutero-1,10-phenanthroline (d2-5-Cl-phen): 1H-NMR (400 MHz, CDCl3)  9.26 (d, J = 4.3 Hz, 1H), 9.20 

(d, J = 4.3 Hz, 1H), 7.94 (s, 1H), 7.77 (d, J = 4.3 Hz, 1H), 7.66 (d, J = 4.3 Hz, 1H). 13C-NMR (101 MHz, d4-MeOD)  151.7, 

151.3, 147.0, 146.6, 137.0 (t, 1JC,D = 25 Hz),134.3 (t, 1JC,D = 25 Hz),130.9, 129.7, 127.9, 127.1, 125.2, 125.1. HRMS (ESI; 

[M] = C12H5D2ClN2): calcd. for [3M+Fe]2+ 353.0295, found 353.0295; calcd. for [2M+Li]+ 439.1007, found 439.1008; 

calcd. for [2M+Na]+ 455.0744, found 455.0745; calcd. for [2M+K]+ 471.0484, found 471.0484; calcd. for [3M+Na]+ 

671.1168, found 671.1174. 

5-Bromo-4,7-dideutero-1,10-phenanthroline (d2-5-Br-phen): 1H-NMR (400 MHz, CDCl3)  9.23-9.21 (m, 2H), 8.17 (s, 

1H), 7.76 (d, J = 4.2 Hz, 1H), 7.66 (d, J = 4.3 Hz, 1H). HRMS (ESI; [M] = C12H5D2BrN2): calcd. for [3M+Fe]2+ 419.9531, 

found 419.9560; calcd. for [2M+Li+2D-Br]+ 450.0939, found 450.0987; calcd. for [2M+Na+D-Br]+ 466.0692, found 

466.0718; calcd. for [2M+Li]+ 528.9976, found 529.0022; calcd. for [2M+Na]+ 544.9714, found 544.9755; calcd. for 

[3M+Na]+ 804.9632, found 804.9743. 

 

5-Bromo-6-deutero-1,10-phenanthroline (d1-5Br-phen): 1H-NMR (400 MHz, CDCl3)  9.25 - 9.18 (m, 1H), 8.69 (dd, 

J = 8.3, 1.7 Hz, 1H), 8.20 (dd, J = 8.1, 1.7 Hz, 1H), 7.76 (dd, J = 8.3, 4.3 Hz, 1H), 7.66 (dd, J = 8.1, 4.4 Hz, 1H). HRMS (ESI; 

[M] = C12H6DBrN2): calcd. for [3M+Fe]2+ 417.4448, found 417.4444; calcd. for [2M+Li+H-Br]+ 450.0824, found 
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450.0860; calcd. for [2M+Na+H-Br]+ 464.0582, found 464.0564; calcd. for [2M+Li]+ 526.9850, found 526.9846; calcd. 

for [2M+Na]+ 542.9588, found 542.9584; calcd. for [3M+Na]+ 801.9443, found 801.9451. 

 

4,5,7-Trideutero-1,10-phenanthroline (d3-phen): 1H-NMR (400 MHz, CDCl3)  9.21 (d, J = 4.3 Hz, 2H), 7.82 (s, 1H), 7.65 

(d, J = 4.3 Hz, 2H). HRMS (ESI; [M] = C12H5D3N2): calcd. for [3M+Fe]2+ 302.5988, found 302.5986; calcd. for [2M+Li]+ 

373.1912, found 373.1916; calcd. for [2M+Na]+ 389.1649, found 389.1653. 

 

4,5,6,7-Tetradeutero-1,10-phenanthroline (d4-phen): 1H-NMR (400 MHz, CDCl3)  9.21 (d, J = 4.3 Hz, 2H), 7.65 (d, 

J = 4.3 Hz, 2H). HRMS (ESI; [M] = C12H4D4N2): calcd. for [2M+Li]+ 375.2037, found 375.2040; calcd. for [2M+Na]+ 

391.1775, found 391.1775. 
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5. NMR, UV-vis absorption and emission spectra (Figures S3-S44) 

 

 

Figure S3: NOE difference spectroscopy of 1,10-phenanthroline (phen) in d4-MeOD; selective irradiation was 

performed into the singlet at 7.9 ppm, which could be clearly assigned to the 5,6-positions based on the coupling 

patterns. The strongest signal difference is observed for the resonance at 8.43 ppm, which can be therefore ascribed to 

the 4,7-positions. 
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Figure S4: 13C-NMR spectrum of 1,10-phenanthroline (phen, bottom) and regioselectively 4,7-deuterated 1,10-

phenanthroline (d2-phen, top) in d4-MeOD.  

 

Figure S5: C,H-COSY spectrum of phen in d4-MeOD. 
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Figure S6: 1H-NMR spectroscopic changes of a mixture containing phen (2.5 mM), RuRhCp* (10 mol%) and NaHCO2 

(25 mM) in d4-MeOD under argon upon heating at 50 °C. The reaction time at 50 °C is depicted on the left side of each 

spectrum. The intense signal at 8.55 ppm can be ascribed to HCO2-. 
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Figure S7: Temperature dependence of the regioselective H/D exchange reaction using phen (2.5 mM), RuRhCp* 

(10 mol%) and NaHCO2 (25 mM) in d4-MeOD under argon. Run 1 is represented by black squares (a: the reaction 

mixture was kept at 0 °C between the first and the second data point (0 and 70 min)). Run 2 is represented by black 

triangles (b: between 45 and 90 min the reaction was kept at 0 °C). Between all other data points the H/D exchanges 

were carried out at 50 °C. 
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Figure S8: Regioselective D-incorporation using phen (2.5 mM), RuRhCp* (10 mol%) and TEA (0.1 M) in 

CD3CN:D2O=2:3.5 (v:v) under argon. Between the first and the second data point (0 min to 30 min) the sample was 

irradiated with one LED-stick ( = 465 nm, 45-50 mW/cm2) at room temperature; afterwards (periods a and b, from 30 

to 165 min) the sample was kept at 0 °C before the reaction mixture was heated to 50 °C (between 165 min and 

195 min). Then (period c, between 195 min and 225 min) the sample was again stored at 0 °C before a final heating of 

the reaction mixture at 50 °C was performed (between 225 und 255 min). 

 

Figure S9: 1H-NMR spectroscopic changes of a mixture containing phen (2.5 mM), [Ru(tbbpy)3](PF6)2 (10 mol%) and 

[(tbbpy)Rh(Cp*)Cl]Cl (10 mol%) in CD3CN:D2O=(2:3.5, v:v) with 0.1 M TEA. Spectrum 1 was recorded prior to 

irradiation, spectrum 2 after 45 min of blue light irradiation using one LED-stick ( = 465 nm, 45-50 mW/cm2), 

spectrum 3 after 40 min at 50 °C, spectrum 4 after additional 45 min at 50 °C, spectrum 5 after further 45 min at 50 °C 

and spectrum 6 after additional 60 min at 50 °C.  
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Figure S10: Black squares: Kinetics of the regioselective deuteration of phen using [Ru(tbbpy)3](PF6)2 (10 mol%) and 

[(tbbpy)Rh(Cp*)Cl]Cl (10 mol%) in CD3CN:D2O=(2:3.5, v:v) with 0.1 M TEA (kinetics were extracted from the spectra 

depicted in Figure S9, experimental conditions see there). Black triangles: Same conditions as above but without adding 

10 mol% of [Ru(tbbpy)3](PF6)2. 

 

Figure S11: 1H-NMR spectra (recorded after 0.5 h of irradiation with one LED-stick ( = 465 nm, 45-50 mW/cm2) at 

room temperature and further treatment for 3 h at 50 °C in the dark) of 50% deuterated (spectrum A) and 75% 

deuterated (spectrum B) 1,10-phenanthroline. The mixtures were prepared under argon using degassed solvents and 

consisted of phen (2.5 mM), RuRhCp* (10 mol%), TEA (0.1 M) and CD3CN:(D2O:H2O) = 2:(3.5) (spectrum A: 

D2O:H2O = 1:1 (v:v); spectrum B: D2O:H2O = 3:1 (v:v)). 

 

A 
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Figure S12: 1H-NMR spectra of 1,10-phenanthroline at different deuteration degrees (all spectra were measured in a 

mixture of CD3CN:D2O = 2:3.5, v:v). 1H-NMR spectrum 1 (peak area at 8.94 ppm of 1.00, normalized to the singlet at 

8.43 ppm with peak area of 1.00) was measured directly after preparation of the catalytic solution (containing phen 

(2.5 mM), RuRhCp* (10 mol%), TEA (0.1M) and CD3CN:D2O = 2:3.5), spectra 2 (peak area at 8.94 ppm is 0.00) and 3 

(peak area at 8.94 ppm is 0.50) after the above-mentioned treatments (see captions). 

 

 

Figure S13: 1H-NMR spectrum (bottom) and NOE difference spectroscopy (top) of 4-methyl-1,10-phenanthroline (4-

Me-phen) in CD3Cl; selective irradiation was performed into the doublet at 2.81 ppm (omitted for clarity), which could 

be clearly assigned to the 4-located Me-group based on the coupling patterns and chemical shift, allowing clear signal 

assignments of positions 2, 3, 5 and 6. 
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Figure S14: 1H-NMR spectrum (spectrum 2) and NOE difference spectroscopy (spectrum 1) of 4-methyl-1,10-

phenanthroline (4-Me-phen) in CD3Cl; selective irradiation was performed into the doublet at 8.03 ppm, which could 

be clearly assigned to the 5-located proton (see Figure S13). With identification of the proton located at position 7 (see 

expanded spectrum), full signal assignment was possible. 

 

 

Figure S15: Standard 1H-NMR (bottom spectrum) and NOE difference spectroscopy (top spectrum) of 5-methyl-1,10-

phenanthroline (5-Me-phen) in CD3Cl; selective irradiation was performed into the doublet at 2.75 ppm, which could 

be clearly assigned to the Me-group based on the coupling patterns and chemical shift. Based on the coupling patterns, 

positions 4 and 6 could be unequivocally assigned to the resonance 8.38 ppm and 7.60 ppm, respectively. 
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Figure S16: Selective 1D-TOCSY experiment of 5-methyl-1,10-phenanthroline (5-Me-phen) in CD3Cl; selective 

irradiation was performed into the doublet at 2.75 ppm, which could be clearly assigned to the Me-group based on the 

coupling patterns and chemical shift. Together with the information of the NOE Difference Spectroscopy experiment 

(Figure S15), all signals could clearly be assigned. 

 

 

 

Figure S17: 1H-NMR spectrum of d1-4-Me-phen in CDCl3 after typical isolation from the reaction mixture (thermal H/D 

exchange process). 
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Figure S18: 1H-NMR spectroscopic comparison of 4-Me-phen (spectrum 1) and d1-4-Me-phen (spectrum 2) in CDCl3. 

The small peak at 7.52 ppm can be assigned to a 13C-satellite of the CHCl3 solvent residual peak which has been omitted 

for clarity. The peak at 2.83 ppm is assigned to the Me-group, further signal assignments are based on NOE difference 

spectroscopy experiments (see Figures S13 and S14). 

 

 

 
Figure S19: 1H-NMR spectroscopic comparison of 4-Me-phen (spectrum 1) and d1-4-Me-phen (spectrum 2) in CDCl3. 

The small peak at 7.52 ppm can be assigned to a 13C-satellite of the CHCl3 solvent residual peak which has been omitted 

for clarity. Cutting the spectrum between 9.0 and 8.3 ppm allows for an easier identification of H/D exchange associated 

multiplet changes (compare Figure S18). 
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Figure S20: 1H-NMR spectrum of d2-5-Me-phen in CDCl3 after typical isolation from the reaction mixture 

(photocatalytic H/D exchange process). 

 

 

 
Figure S21: 1H-NMR spectroscopic comparison of 5-Me-phen (spectrum 1) and d2-5-Me-phen (spectrum 2) in CDCl3. 

The signal assignments are based on NOE difference spectroscopy and selective 1D-TOCSY experiments (see 

Figures S15 and S16). 

 

2 
3 

6 

7 

8 
9 

4 Me 



 

S19 

 
Figure S22: 1H-NMR spectroscopic comparison of 5-Me-phen (spectrum 1) and d2-5-Me-phen (spectrum 2) in CDCl3. 

Cutting the spectrum between 9.0 and 8.5 ppm and between 8.0 and 7.75 ppm allows for an easier identification of H/D 

exchange associated multiplet changes (compare Figure S21). 

 

 

 

Figure S23: 1H-NMR-spectrum of d2-5,6-Me2-phen in CDCl3 after typical isolation from the reaction mixture (thermal 

H/D exchange process). The peak at 7.26 ppm can be assigned to CHCl3.  
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Figure S24: 1H-NMR spectroscopic comparison of 5,6-Me2-phen (spectrum 1) and d2-5,6-Me2-phen (spectrum 2) in 

CDCl3.  

 

 

Figure S25: UV-vis absorption and emission spectra of RuRhCp* (10 µM; panels 1-4) and [(phen)Rh(Cp*)Cl]Cl (10 µM 

panels 5-6) under the following conditions in MeOH: Panels 1-2: Ar atmosphere, 50 °C, 2,9-Me2-phen (250 µM); 

panels 3-4: Ar atmosphere, 50 °C, NaHCO2 (25 mM), 2,9-Me2-phen (250 µM); panel 5: Ar atmosphere, 50 °C, 50 °C, 

NaHCO2 (25 mM); panel 6: ambient conditions, 50 °C. 
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Figure S26: UV-vis absorption and emission spectra of [(tbbpy)2Ru(tpphz)](PF6)2 (10 µM) in MeOH under the following 

conditions: Panels 1-2: Ar atmosphere, 50 °C; panels 3-4: Ar atmosphere, 50 °C, phen (250 µM); panels 5-6: Ar 

atmosphere, 50 °C, NaHCO2 (25 mM); panels 7-8: Ar atmosphere, 50 °C, phen (250 µM), NaHCO2 (25 mM). 
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Figure S27: UV-vis absorption and emission spectra of RuRhCp* (10 µM) in MeOH under the following conditions: 

Panels 1-2: Ar atmosphere, 50 °C; panels 3-4: Ar atmosphere, 50 °C, phen (250 µM); panels 5-6: Ar atmosphere, 50 °C, 

NaHCO2 (25 mM); panels 7-8: Ar atmosphere, 50 °C, phen (250 µM), NaHCO2 (25 mM). 
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Figure S28: UV-vis absorption and emission spectra of [(tbbpy)2Ru(tpphz)](PF6)2 (10 µM) at room temperature in 

MeOH under ambient conditions (panel 1) or under Ar atmosphere and in presence of NaHCO2 (25 mM) (panel 3), 

respectively. Panel 2: Development of the emission intensity of a mixture containing RuRhCp* (10 µM) under air in 

MeOH after addition of phen (250 µM) at room temperature (see Figure 3 of the manuscript for detailed spectra); 

panel 4: Development of the emission intensity of a mixture containing RuRhCp* (10 µM) and NaHCO2 (25 mM) under 

Ar atmosphere in MeOH after addition of phen (250 µM) at room temperature (see Figure 3 of the manuscript for 

detailed spectra; the black arrow indicates the moment at which phen was added). 
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Figure S29: 1H-NMR spectroscopic changes within the aromatic region of a CoCp2-reduced [(phen)Rh(Cp*)Cl]Cl 

complex in CD3CN:D2O = 2:3.5 (v:v) prior to (spectrum 1), after 1.5 h (spectrum 2), after 3 h (spectrum 3), and after 20 h 

of incubation within a 50 °C warm water bath, respectively. The signal assignment of the phen ligand is shown in 

spectrum 1. Signal intensities for the 4,7-signal are given in each spectrum (the other signal intensities are always ca. 

1.00). Characteristic dd to d simplification is observed for the 3,8-signal which accompanies the 4,7-signal intensity loss. 

 

 

Figure S30: 1H-NMR spectrum of [(phen)Rh(Cp*)Cl]Cl in CD3CN. 
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Figure S31: 1H-NMR spectrum (bottom) and NOE difference spectroscopy (top) of 5-chloro-1,10-phenanthroline (5-Cl-

phen) in d4-MeOD; selective irradiation was performed into the singlet at 8.1 ppm, which can be clearly assigned to 

proton at position 6. Unequivocal signal assignment is additionally based on the H,H-COSY spectrum depicted in 

Figure S32. 

 

 

 
Figure S32: H,H-COSY spectrum of 5-Cl-phen in d4-MeOD. 
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Figure S33: 13C-NMR spectrum of d2-5Cl-phen in d4-MeOD. 

 

 

 

Figure S34: 13C-NMR spectra of 5-Cl-phen (bottom) and d2-5-Cl-phen (top) in d4-MeOD. 
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Figure S35: C,H-COSY spectrum of 5-Cl-phen in d4-MeOD. 

 

 

 

Figure S36: 1H-NMR spectroscopic changes of a reaction mixture containing 5-Cl-phen (2.5 mM), RuRhCp* (10 mol%) 

and TEA (0.1 M) in CD3CN:D2O=2:3,5 (v:v). Spectrum 1 was recorded after 20 min of irradiation and 25 min at 50 °C, 

spectrum 2 after additional 30 min at 50 °C, spectrum 3 after further 30 min at 50 °C, spectrum 4 also after additional 

30 min at 50 °C and spectrum 5 finally after additional 120 min at 50 °C. 
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Figure S37: 1H-NMR spectrum of d2-5-Cl-phen in CDCl3 after isolation from the reaction solution depicted in Figure S36 

(indicating that there the remaining signals at 8.83 ppm and 9.00 ppm in spectrum 5 could be attributed to the catalyst 

RuRhCp*). 

 

 

 

Figure S38: 1H-NMR spectra of d3-phen (spectrum 1), d2-phen (spectrum 2) and phen (spectrum 3) in CDCl3. 
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Figure S39: 1H-NMR spectrum of d2-5-Br-phen in CDCl3 after typical workup.  

 

 

 

Figure S40: 1H-NMR spectroscopic comparison of 5-Br-phen (spectrum 1) and d2-5-Br-phen (spectrum 2) in CDCl3. 
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Figure S41: 1H-NMR spectroscopic changes of a reaction mixture containing 5,6-Br2-phen (2.5 mM), RuRhCp* 

(10 mol%) and NaHCO2 (25 mM). The intense singlet at 8.55 ppm can be assigned to HCO2-. The reaction time at 50 °C 

is depicted on the left side of each spectrum. 

 

 

 
Figure S42: 1H-NMR-spectrum of d1-5-Br-phen in CDCl3 (solvent residual peak at 7.26 ppm with corresponding 13C-

satellites) after typical isolation from the reaction mixture. The small impurity at 8.27 ppm can be ascribed to starting 

material (5,6-Br2-phen). 
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Figure S43: 1H-NMR spectroscopic comparison of 5-Br-phen (spectrum 1) and d1-5-Br-phen (spectrum 2) in CDCl3. 

 

 

 

Figure S44: 1H-NMR spectroscopic changes of a 32 mM phen solution in d4-MeOD (Ar-atmosphere) containing 1 mol% 

of [(tbbpy)Rh(Cp*)Cl]Cl and 70 mM NaHCO2 (peak at 8.55 ppm) after incubating the solution at 40 °C for the respective 

time, given on the left side of each spectrum. The number above the 4,7-peak at ca. 8.46 ppm gives the relative signal 

intensity compared to the other three signals at ca. 9.08, 7.95 and 7.77 ppm which were set to 1.00 and did not change 

with time.  
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6. MALDI and ESI mass spectra (Figures S45-S92) 
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Figure S45: Obtained mass spectrum of [(tbbpy)Rh(Cp*)Cl]Cl. 
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Figure S46: Expanded mass spectrum of [(tbbpy)Rh(Cp*)Cl]Cl showing the [M-Cl]+ peak. 
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Figure S47: Simulated mass spectrum of the [M-Cl]+ peak of [(tbbpy)Rh(Cp*)Cl]Cl. 
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Figure S48: Expanded mass spectrum of [(tbbpy)Rh(Cp*)Cl]Cl showing the [M-2Cl]+ peak. 
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Figure S49: Simulated mass spectrum of the [M-2Cl]+ peak of [(tbbpy)Rh(Cp*)Cl]Cl. 
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Figure S50: Obtained mass spectrum of [(tbbpy)2Ru(phen)]Cl2. 
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Figure S51: Expanded mass spectrum of [(tbbpy)2Ru(phen)]Cl2 showing the [M-2Cl]+ peak. 
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Figure S52: Simulated mass spectrum of the [M-2Cl]+ peak of [(tbbpy)2Ru(phen)]Cl2. 
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Figure S53: Obtained mass spectrum of d2-phen. 
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Figure S54: Expanded mass spectrum of d2-phen showing the [2M+Li]+ peak. 
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Figure S55: Simulated mass spectrum of the [2M+Li]+ peak of d2-phen. 

 

 
Figure S56: Expanded mass spectrum of d2-phen showing the [2M+Na]+ peak. 
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Figure S57: Simulated mass spectrum of the [2M+Na]+ peak of d2-phen. 

 

 
Figure S58: Expanded mass spectrum of d2-phen showing the [3M+Na]+ peak. 
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Figure S59: Simulated mass spectrum of the [3M+Na]+ peak of d2-phen. 

 

 
Figure S60: Obtained mass spectrum of d1-4Me-phen (region between 395 and 417 m/z). 

 

 

396 400 404 408 412 416

0

1x10
9

2x10
9

3x10
9

4x10
9

5x10
9

6x10
9

7x10
9

[2M+Na-H]
+

4
1

5
.1

8
0

7

4
1

4
.1

7
6

1

4
1

3
.1

7
1

8
4

1
2

.1
6

7
0

3
9

9
.2

0
6

7

3
9

8
.2

0
2

9

3
9

7
.1

9
9

5

[2M+Na]
+

 

 

re
la

ti
v
e
 i
n
te

n
s
it
y
 /
 a

.u
.

m/z

d
1
-4Me-phen [M]

C
13

H
9
DN

2

[2M+Li]
+

3
9

6
.1

9
7

7



 

S40 

394 396 398 400 402

0

20

40

60

80

100

3
9

8
.2

0
0

7

3
9

7
.1

9
7

4

3
9

9
.2

0
4

1

3
9

6
.1

9
6

5

[2M+Li]
+
 (simulated)

C
26

H
18

D
2
LiN

4

 

 

re
la

ti
v
e
 i
n

te
n

s
it
y
 /
 a

.u
.

m/z

Figure S61: Simulated mass spectrum of the [2M+Li]+ peak of d1-4-Me-phen. 
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Figure S62: Simulated mass spectrum of the [2M+Na]+ peak of d1-4-Me-phen. 
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Figure S63: Obtained mass spectrum of d2-5-Me-phen (region between 395 and 420 m/z). 
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Figure S64: Simulated mass spectrum of the [2M+Li]+ peak of d2-5-Me-phen. 
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Figure S65: Simulated mass spectrum of the [2M+Na]+ peak of d2-5-Me-phen. 

 

 
Figure S66: Obtained mass spectrum of d2-5,6-Me2-phen (region between 410 and 446 m/z). 

 

 

410 415 420 425 430 435 440 445

0.0

2.0x10
8

4.0x10
8

6.0x10
8

8.0x10
8

1.0x10
9

4
2

7
.2

4
1

9

4
4

5
.2

2
2

8

4
4

4
.2

1
9

5

4
4

3
.2

1
7

6

4
2

9
.2

5
1

3

4
2

8
.2

4
5

7

4
2

6
.2

4
2

5

4
1

4
.2

2
6

5

4
1

3
.2

2
3

7

[2M+Na]
+

[2M+Li]
+

[2M+Li-CH
3
]
+

4
1

2
.2

2
0

2

4
1

1
.2

1
9

1

 

 

re
la

ti
v
e
 i
n
te

n
s
it
y
 /
 a

.u
.

m/z

d
2
-5,6Me

2
-phen [M]

C
14

H
10

D
2
N

2



 

S43 

424 425 426 427 428 429 430 431 432

0

20

40

60

80

100

429.2479

428.2446

427.2412

 

 

[2M+Li]
+
 (simulated)

C
28

H
20

D
4
LiN

4

re
la

ti
v
e
 i
n

te
n

s
it
y
 /
 a

.u
.

m/z

426.2403

Figure S67: Simulated mass spectrum of the [2M+Li]+ peak of d2-5,6-Me2-phen. 
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Figure S68: Simulated mass spectrum of the [2M+Na]+ peak of d2-5,6-Me2-phen. 
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Figure S69: Obtained mass spectrum of d2-5-Cl-phen. 

 

 
Figure S70: Expanded mass spectrum of d2-5-Cl-phen showing the [3M+Fe]2+ peak. 
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Figure S71: Simulated mass spectrum of the [3M+Fe]2+ peak of d2-5-Cl-phen. 

 

 
Figure S72: Expanded mass spectrum of d2-5-Cl-phen showing the [2M+Na]+ peak. 
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Figure S73: Simulated mass spectrum of the [2M+Na]+ peak of d2-5-Cl-phen. 

 

 
Figure S74: Obtained mass spectrum of d2-5-Br-phen. 
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Figure S75: Expanded mass spectrum of d2-5-Br-phen showing the [2M+Na]+ peak. 
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Figure S76: Simulated mass spectrum of the [2M+Na]+ peak of d2-5-Br-phen. 
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Figure S77: Obtained mass spectrum of d1-5-Br-phen. 

 

 
Figure S78: Expanded mass spectrum of d1-5-Br-phen showing the [3M+Fe]2+ peak. 
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Figure S79: Simulated mass spectrum of the [3M+Fe]2+ peak of d1-5-Br-phen. 

 

 
Figure S80: Expanded mass spectrum of d1-5-Br-phen showing the [2M+Li]+ peak. 
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Figure S81: Simulated mass spectrum of the [2M+Li]+ peak of d1-5-Br-phen. 

 

 
Figure S82: Expanded mass spectrum of d1-5-Br-phen showing the [2M+Na]+ peak. 
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Figure S83: Simulated mass spectrum of the [2M+Na]+ peak of d1-5-Br-phen. 

 

 
Figure S84: Obtained mass spectrum of d3-phen. 
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Figure S85: Expanded mass spectrum of d3-phen showing the [2M+Na]+ peak. 
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Figure S86: Simulated mass spectrum of the [2M+Na]+ peak of d3-phen. 
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Figure S87: Obtained mass spectrum of d4-phen (region between 370 and 400 m/z). 

 

 
Figure S88: Expanded mass spectrum of d3-phen showing the [2M+Li]+ peak. 
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Figure S89: Simulated mass spectrum of the [2M+Li]+ peak of d4-phen. 
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Figure S90: Obtained mass spectrum of d1-phen, i.e. phen with a 50% deuteration degree according to 1H-NMR 

spectroscopy. In fact, deuteration occurs statistically resulting in 1:2:1 ratio of phen, d1-phen and d2-phen (see the 

expanded mass spectra below with a statistical deuteration distribution in the detected alkali metal complexes). 
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Figure S91: Expanded mass spectrum of 50% deuterated phen showing the [2M+Na]+ peak and a statistical 

deuteration distribution. 

 

562 564 566 568 570 572

0.0

2.0x10
8

4.0x10
8

6.0x10
8

8.0x10
8

1.0x10
9

1.2x10
9

1.4x10
9

calcd.: 563.1960 

d
0
-[3M+Na]

+

 

 

re
la

ti
v
e
 i
n
te

n
s
it
y
 /
 a

.u
.

m/z

d
n
-[3M+Na]

+

C
36

H
24-n

D
n
N

2
Na

found: 563.1990 

calcd.: 564.2023

d
1
-[3M+Na]

+

found: 564.2050

calcd.: 565.2086

d
2
-[3M+Na]

+

found: 565.2108

calcd.: 566.2148

d
3
-[3M+Na]

+

found: 566.2169

calcd.: 567.2211

d
4
-[3M+Na]

+

found: 567.2227

calcd.: 568.2274

d
5
-[3M+Na]

+

found: 568.2284

calcd.: 569.2337

d
6
-[3M+Na]

+

found: 569.2337
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Switching the Mechanism of NADH Photooxidation by
Supramolecular Interactions

Alexander K. Mengele,[a] Dominik Weixler,[b] Avinash Chettri,[c, d] Maite Maurer,[a]

Fabian Lukas Huber,[a] Gerd M. Seibold,[b, e] Benjamin Dietzek,[c, d] Bernhard J. Eikmanns,[b] and

Sven Rau*[a]

Abstract: A series of three Ru(II) polypyridine complexes

was investigated for the selective photocatalytic oxidation

of NAD(P)H to NAD(P)+ in water. A combination of (time-

resolved) spectroscopic studies and photocatalysis experi-

ments revealed that ligand design can be used to control

the mechanism of the photooxidation: For prototypical

Ru(II) complexes a 1O2 pathway was found. Rudppz

([(tbbpy)2Ru(dppz)]Cl2, tbbpy=4,4'-di-tert-butyl-2,2'-bipyri-

dine, dppz=dipyrido[3,2-a:2’,3’-c]phenazine), instead, initi-

ated the cofactor oxidation by electron transfer from

NAD(P)H enabled by supramolecular binding between

substrate and catalyst. Expulsion of the photoproduct NAD

(P)+ from the supramolecular binding site in Rudppz

allowed very efficient turnover. Therefore, Rudppz permits

repetitive selective assembly and oxidative conversion of

reduced naturally occurring nicotinamides by recognizing

the redox state of the cofactor under formation of H2O2 as

additional product. This photocatalytic process can fuel

discontinuous photobiocatalysis.

Due to their impressive catalytic activity and high stereo-

selectivity under ambient aqueous conditions, enzymatic

oxidation reactions are recently gaining significant relevance

even on an industrial level.[1] Typically, O2 or NAD
+ (oxidized

nicotinamide adenine dinucleotide) are used as oxidants.[1,2]

Due to the high costs of the important cofactor NAD+, a variety

of enzyme-based[2,3] as well as chemical[4,5] and

electrochemical[6,7] regeneration methods have already been

developed.

In order to also exploit the energy of visible light for NAD+

regeneration, processes based on either organic dyes,[8,9] photo-

sensitive polymers[10] or inorganic dyes such as tin

porphyrines,[11] Ru(II),[12,13] Os(II),[14] and Ir(III)[15,16] complexes have

been developed. Additionally, NADH photooxidation has re-

cently also been successfully investigated as a mode of action

in photodynamic therapy (PDT).[14–17] In all these light-driven

processes, NADH oxidation is either induced via formation of
1O2

[18–20] by the excited chromophore or by electron transfer (eT)

onto the excited[8,9,11,15] or photooxidized[12,13,16] dye.

A specific subclass of Ru(II) complexes, those bearing large

planar ligands, is known to interact with nucleobases inside the

DNA.[21–24] As NAD(P)H contains an adenine subunit, we thus

wondered whether such preorganization might lead to im-

proved light-driven cofactor oxidation stimulated by

supramolecular interactions. To test this hypothesis, a simple

series of three prototype chromophores, namely [Ru(tbbpy)3]Cl2
(Rutbbpy), [(tbbpy)2Ru(phen)]Cl2 (Ruphen) and [(tbbpy)2Ru-

(dppz)]Cl2 (Rudppz) was investigated with respect to their

photooxidative properties (Scheme 1, tbbpy=4,4'-di-tert-butyl-

2,2'-bipyridine, phen=1,10-phenanthroline, dppz=dipyrido

[3,2-a:2’,3’-c] phenazine).

The water soluble complexes Rutbbpy, Ruphen and

Rudppz were synthesized according to established protocols[25]

(see Supporting Information and Figures S1–S21). Their photo-

oxidative activity towards NADH under ambient aqueous

conditions was evaluated using LED-irradiation (λmax=465 nm)
in presence of 500 equivalents NADH (see Supporting Informa-
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tion for experimental details). All three complexes proved to be

active NADH photooxidation catalysts as indicated by the

continuously decreasing 340 nm absorbance and 460 nm

centered emission band (Figures 1A and B) both being charac-

teristic for the reduced nicotinamide moiety.[26] A nearly

quantitative conversion of NADH to NAD+ under these

conditions was obtained, if the samples were irradiated for 2 h

(>99% for Rutbbpy and Rudppz, >95% for Ruphen, Fig-

ure S22). No spectral shifts indicative of products different to

NAD+ (non-emissive if λexc=340 nm, Figure S23) were

observed.[27] 1H NMR spectroscopy also proved the selective

formation of NAD(P)+ from NAD(P)H (Figures S24–S25). Despite

its negligible 1O2 formation in H2O containing solutions

monitored by NIR emission spectroscopy (Figure S26),[28]

Rudppz exhibited the fastest NADH photooxidation in H2O

(initial TOF>1000 h�1) followed by Ruphen and Rutbbpy

(Figure 1C).

To evaluate the mechanism of the oxidation reactions, a

series of control experiments was performed. NADH oxidation

was neither observed in the dark nor in the absence of oxygen

or Ru(II) complex (Figure S27). No UV-vis or 1H NMR spectro-

scopic changes were found, if NAD+ was irradiated in presence

of a photocatalyst indicating that NAD+ represented the end-

Scheme 1. Molecular structure and abbreviations of the complexes (left) and

reaction scheme of the investigated Ru(II) complex catalyzed NAD(P)H

photooxidation (right; Rib=β-D-ribofuranose, ADP(P)= (phosphorylated)
adenosine diphosphate).

Figure 1. A) UV-vis and B) corresponding emission spectroscopic changes during the NADH photooxidation with Rudppz in H2O. C) TON-plot for the three

photocatalysts in H2O (1 mM NADH, 2 μM photocatalyst). D) Effect of solvent deuteration on the NADH photooxidation rate. E) Effect of ROS quenchers on the

NADH photooxidation rate using Rutbbpy or F) Rudppz as catalyst.
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point of the reaction (Figures S27–S28). Furthermore, by adding

15 mM of the known OH radical scavenger sodium benzoate to

the solution, the rate of NADH photooxidation choosing

Rutbbpy as catalyst was not altered (Figure 1E). Thus, OH

radicals as reactive oxygen species (ROS) were excluded to

decisively contribute to the photooxidation.[29]

However, both the addition of 15 mM NaN3 or 15 mM

histidine strongly reduced the NADH photooxidation rate using

Rutbbpy and Ruphen (Figure 1E, Figure S29). Based on the

additives' property to act as 1O2 quenchers,
[29–31] a reaction

mechanism proceeding via 1O2 formation from the 3MLCT

excited state of Rutbbpy or Ruphen initiating the oxidation of

NADH was proposed. The 1O2 pathway for Rutbbpy and

Ruphen was further supported by the fact that significant

luminescence quenching for both complexes was only observed

in presence of 250 μM oxygen but not 250 μM NADH (Fig-

ure S30) as well as the finding that changing the solvent from

H2O to D2O led to an accelerated photooxidation (see Fig-

ure 1D) which we ascribe to the prolonged lifetime of 1O2 in

D2O.
[32] Thus, using D2O and low concentrations of Ruphen,

TONs up to 3600 after 3.5 h were realized (Figure S31).

Rudppz revealed a different behavior: The addition of

neither NaN3 nor histidine (Figure 1F) nor deuteration of the

solvent (Figure 1D) impacted the NADH photooxidation rate

considerably. Hence, we suggest an eT mechanism to be

active.[15] This is supported by monitoring the 1O2-driven photo-

oxidation of histidine,[31] proceeding for Rudppz drastically

slower than for Rutbbpy and Ruphen (Figures S32–S33).

To take a closer look into the eT mechanism, transient

absorption (TA) spectroscopy was performed (Figure 2). When

Rudppz and NADH are mixed, the femtosecond (fs-)TA showed

the formation of an excited state absorption centered at

490 nm (purple line, Figure 2A, Figures S34C and D) in both,

absence and presence of oxygen. This band is likely associated

to the oxygen-sensitive,[33] phenazine-hydrogenated RudppzH2,

which is assumed to form immediately upon excitation of

Rudppz. No RudppzH2 feature at 490 nm was observed in fs-TA

of Ruddpz without NADH (Figure S34A–B). For Rudppz mixed

with NADH in the presence of oxygen, predominant signatures

from NADH radicals (NADH
*+/NAD

*

) could only be observed in

the nanosecond (ns-) TA and not in the fs-TA spectra (Figure 2).

This was due to the more dominant spectral signature of

RudppzH2 in the fs range than the spectral signatures from the

NADH radicals. Photoexcited RudppzH2 decays within a μs
thereby showcasing the spectral signatures corresponding to

NADH radicals, which typically have a much longer lifetime,

only after this time delay (Figure S35).

ns-TA reveal accumulation of RudppzH2 (blue line, Fig-

ure 2B). During the experiment performed under inert con-

ditions no features of NAD radicals could be recorded anymore

(Figure S35). However, as upon exposure to air Rudppz was

reformed (Figure 3B) and subsequently NAD radicals were

detected in the ns-TA spectra again (black line, Figure 2A and

Figure S35), Rudppz followed a similar eT based NADH photo-

oxidation mechanism as reported for flavin dyes.[8,9] To enter a

new cycle, the photochemically reduced and inactivated

chromophore RudppzH2 has to be reoxidized by oxygen. This

ability of oxygen has already been shown.[33]

To further verify the mechanistic differences between

Rutbbpy and Ruphen vs. Rudppz, NADH photooxidation under

exclusion of oxygen but in presence of H2O2 serving as oxidant

for reduced chromophore species was performed. As NAD+

formation was only observed for Rudppz (Figures S36),

Rutbbpy and Ruphen are strictly oxygen-dependent catalysts

whereas Rudppz also operates in presence of a different

oxidant. Stability of NADH even in presence of large excess

H2O2 was verified (Figure S37).

The very surprising ability of Rudppz to outcompete the

significantly longer-lived Rutbbpy and Ruphen in a photo-

catalytic redox reaction in H2O
[37] was further investigated by

1H NMR spectroscopy. Addition of NADH but not NAD+ led to

significant mutual shifts of signals assigned to the terminal

benzene ring of the dppz ligand and the adenine protons

(Figure 3 and Figures S38–S41). The adenine-mediated interac-

tion is furthermore supported by similar 1H NMR spectroscopic

shifts upon addition of structurally analogous ADP (Figur-

es S42–S44). This further confirms, that NADH is preorganized at

the dppz ligand of Rudppz via the nucleobase moiety, thus

enabling efficient photooxidation of the cofactor due to close

spatial proximity.[15] No such interaction with NADH was

observed for Ruphen (Figure S45–S46). Titration experiments

resulted in binding constants of 30.7�7.4 M�1 for NADH and

Figure 2. A) fs-TA and ns-TA spectra of the Rudppz/NADH system in the presence of oxygen at 470 nm excitation along with reference spectra for NADH
*+

(red and green traces).[34–36] B) Ground-state UV-vis absorption spectra of the system during the course of the ns-TA experiment.
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23.5�4.3 M�1 for ADP to Rudppz (Figures S42–S44 and S47–

S48). Based on these rather low numbers, a dynamic exchange

on the dppz sphere was verified by adding a 10-fold excess of

ADP to a typical NADH photooxidation process. For Rudppz this

resulted in an activity drop of only 12% (no change for Ruphen,

Figure S49).

Together with the observed splitting of the aliphatic tbbpy

resonances being larger for NADH than for ADP (Figures S44

and S48), a molecular picture of the above-mentioned oxida-

tion-state sensitive interaction was delineated (Figures 3C and

F): Upon photooxidation, the charge of the nicotinamide moiety

is increased from neutral to onefold positive. Consequently the

coulombic repulsion from the nearby Ru center, possibly in

concert with other factors such as lowered lipophilicity,[38]

dominates over attractive π-π interactions.

Following the light induced O2 consumption of the Rudppz/

NADH system in operando[39] in combination with associated

UV-vis and emission spectroscopic data, a 1 :1 stoichiometry

between consumed oxygen and converted NADH was found

(Figure 4, a!b and Figure S50). Subsequent addition of catalase

after all oxygen had been consumed (Figure 4A, step c), also

allowed to determine a 1 :1 ratio between the products H2O2

and NAD+, providing evidence that two high value products

during the photocatalytic process were formed that could be

used for further (biochemical) reactions.[40]

Considering all results, a ligand-dependent switch of the

NADH-photooxidation mechanism in the herein investigated

series of photocatalysts is postulated (Scheme 2):[18–20,41]

Rutbbpy and Ruphen follow the 1O2 pathway. However,

Rudppz allows for supramolecular preorganization of NADH on

the dppz ligand and thus enables an eT route. Under air, the

Figure 3. 1H NMR spectroscopic shifts of 4 mM Rudppz (bottom spectrum in every NMR-panel, D2O:d6-DMSO=555 :45 (v:v)) upon addition of equimolar

amounts of NADH (A, B) or NAD+ (D, E; upper 1H NMR spectra). C) and F) schematically indicate by colored dots the interactions between Rudppz and the

reduced and oxidized nicotinamide, respectively (blue: attractive, orange: repulsive).

Figure 4. A) Course of O2-concentration during a typical NADH photooxidation experiment using a PBS buffered aqueous solution containing 500 μM NADH

and 5 μM Rudppz under ambient conditions. Arrow a indicates the start of blue light irradiation of the solution which ends after ca. 20 min indicated by

arrow b. Addition of catalase is marked by arrow c. B) UV-vis (solid lines) and corresponding emission spectra (dotted lines) of the reaction mixture before

irradiation (black curves, a) and after complete consumption of oxygen (blue curves, b).
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catalytically inactive intermediate RudppzH2 gets finally reoxi-

dized by oxygen to close the catalytic cycle.

To utilize the efficient eT pathway biochemically, we

coupled the Rudppz mediated NAD(P)+ regeneration to an

enzymatic model reaction. NADP-dependent malic enzyme

(NADP-dependent oxaloacetate-decarboxylating malate dehy-

drogenase, EC 1.1.1.40, ME) was selected, converting L-malate

into pyruvate in two steps. However, enzyme stability revealed

to be the limiting factor of the envisaged photobiocatalytic

process. In view of the reactivity of 1O2 towards various amino

acids,[42,43] irradiation (λ=465 nm) of ME in presence of

Rutbbpy, Ruphen and Rudppz led to the formation of inactive

orange precipitates inhibiting further consumption of NADPH

by Rudppz as well as NADP+ by ME. 1O2 formation by Rudppz

most likely took place via binding into hydrophobic pockets of

ME as evident from an increased and air sensitive luminescence

of the complex in presence of the enzyme (Figure S51).[21]

Therefore, a discontinuous protocol cycling between the

different oxidation states of NADP was realized. First, photo-

oxidation of NADPH was performed followed by ME addition in

the dark. Both UV-vis absorption and emission spectroscopy

clearly showed a successful cycling between NADPH and

NADP+ proving the bioactivity of the generated oxidized

nicotinamide (Figure 5). However, there are two possible

explanations for the steadily decreasing efficiency of the photo-

biocatalytic process. Firstly, the formation of Rudppz containing

precipitates during irradiation resulted in a lower amount of

active complex in solution. Secondly, a potential co-presence of

some non-precipitated enzyme continuously regenerated

NADPH.

In conclusion, it was found that well-balanced

supramolecular interactions can be utilized to overcome

possible reactivity limitations of chromophores bearing short-

lived excited states. By introducing a suitable cofactor binding

site nearby a light-absorbing moiety, the preorganization

induced mechanistic switch of NADH photooxidation from an
1O2 to an eT pathway allowed Rudppz to outperform Ru(II)

prototype complexes, namely Rutbbpy and Ruphen. In future,

the detailed insights into the catalytic mechanism gained in this

study will allow further ligand-based optimization of visible

light-driven NAD+ regeneration, finding application in photo-

biocatalysis and PDT. However, in view of the 1O2 sensitivity of

different amino acids, technically optimized strategies such as

permanent spatial separation[44] of enzymes and 1O2 sensitizing

chromophores will have to be pursued to guarantee continuous

photobiocatalysis.
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1. General Information 

 

UV-vis absorption spectroscopy was performed on a JASCO V-670 UV-vis-NIR Spectrophotometer 

using gas-tight quartz glass cuvettes (d = 10.0 mm, Hellma). 

Emission spectroscopy was performed on a JASCO FP-8500 Fluorescence Spectrometer with gas-tight 

quartz glass cuvettes (d = 10.0 mm, Hellma). 

1H-NMR (400 MHz) spectra were recorded on a Bruker Avance 400 MHz at room temperature.  
13C-NMR (126 MHz) spectra were recorded on a Bruker Avance 500 MHz at room temperature. The 

shift values are given in ppm and are referenced to the corresponding solvent residual peaks (4.79 ppm 

(singlet, 1H-spectra) for D2O, 3.31 ppm (quintet, 1H-spectra) or 49.00 ppm (septet, 13C-spectra) for d4-

MeOD as well as 2.50 ppm (quintet, 1H-spectra) for d6-DMSO). 

O2 detection was performed using a FireStingO2 optical oxygen meter (Pyroscience, Germany) using 

oxygen sensitive optical sensor spots (OXSP5, with optical isolation). The spot was glued (transparent 

silicone glue, SPGLUE) to the inner glass wall of a screw-capped cuvette (d = 10.0 mm, Hellma). The O2 

concentration was measured in μmol/l. Two-point calibration of the liquid phase was performed using 

a de-oxygenated aqueous solution (aqueous sodium dithionite solution) and air equilibrated deionized 

water. More details can be found in the respective literature.[1] 

1O2 emission measurements: All samples were prepared in 1 cm quartz cuvette with 3000 µl volume 

with optical density between 0.055 to 0.065. MeCN was supplied by Roth. All UV-vis absorption 

measurements were done in a JASCO V-780. FLS 980 of Edinburgh Instruments with NIR-PMT detector 

was used for emission measurements with integration time/ dwell time of 1 s per step with slit width 

of excitation: 20 nm and slit width of emission: 20 nm. The excitation wavelength was set to 

 = 450 nm. The temperature of the NIR-PMT detector was maintained to - 80 °C using liquid nitrogen 

cooling pump. The emission spectrophotometer already has the lamp intensity correction file 

integrated in the program. 

Irradiation setup: For all catalysis runs analyzed via UV-vis, emission or 1H-NMR spectroscopy the 

irradiation setup consisted of a custom-made reactor equipped with four ventilators to exclude heating 

of the samples and one blue light emitting LED-stick (max = 465nm, 45-50 mW/cm2) in the center of 

the reactor on which the GC-vials or cuvettes were placed. The only difference when measuring the O2 
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consumption during photocatalysis was that the irradiation was not performed from the bottom of the 

glass vial/cuvette but rather from one side of the cuvette equipped with the O2 sensor spots. 

Nanosecond transient absorption spectroscopy was performed using a 10 Hz NdYAG  laser (Surelite 

Continuum) in combination with an optical parametric oscillator (Surelite OPO) as the pump source. 

The energy of the pump at the sample position was maintained at 0.2 mJ. The white light probe was 

generated using a Xenon arc lamp. Transient absorption kinetics from individual probe wavelengths 

were recorded using a commercially available detection system from Pascher Instruments AB with a 

time resolution of 10 ns. 

Femtosecond transient absorption spectroscopy: The setup for femtosecond transient absorption 

spectroscopy has been described elsewhere.[2,3] In brief, 800 nm beam is split into two, one of which 

is used to generate the pump beam of 470 nm. A residual of the other beam is taken and focused on 

a rotating CaF2 plate which generates a white light continuum. Both the pump and the probe are then 

spatially and temporally overlapped at the sample position at the magic angle. The probe beam is then 

directed to a spectrophotometer integrated with a diode array which records the spectra. 

Chemicals and Materials: 1,10-Phenanthroline (phen) was obtained from abcr (Germany) and 4,4´-

tert-butyl-2,2´-bipyridine (tbbpy) as well as 9,10-anthracenediyl-bis(methylene)dimalonic acid (ABDA) 

were obtained from Sigma. All chemicals were used without further purification. Also NADH (disodium 

salt, grade I approx. 100 %, Roche), NADPH (tetrasodium salt, grade I ≥ 98%, Roche), NAD+ (free acid, 

grade I approx. 100 %, Roche), NADP+ (Gebru Biotechnik) ADP (disodium salt, Roche), L-malate 

(disodium salt, Merck) and Pyruvate (sodium salt, Carl Roth) were used as received. Similarly, sodium 

benzoate (Merck), NaN3 (Carl Roth) and L-histidine (Merck) were purchased from commercial suppliers 

and used as received. NADP-dependent malic enzyme (oxaloacetate decarboxylating malte 

dehydrogenase) from chicken liver (EC 1.1.1.40) was obtained from Sigma and used as described in 

chapter 2. Catalase from Corynebacterium glutamicum was received from Roche. All solvents for 

synthetic purposes were of technical grade and redistilled prior to use. Size exclusion chromatography 

was performed on a Sephadex LH-20 column using MeOH as mobile phase. Additionally, 

[(tbbpy)2RuCl2][4] and dppz[5] were synthesized according to published methods.  
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2. Experimental details 

 

If not otherwise stated, all preparation steps and photochemical reactions were performed under 

ambient conditions. The molecular structure and corresponding abbreviations of the three different 

Ru complexes used in this study are depicted in the scheme below.  

 

 

 

Photooxidation of NAD(P)H, analyzed with UV-vis and emission spectroscopy: 

For a typical NAD(P)H photooxidation run, the following reaction parameters were chosen: V = 1.5 ml, 

c(Ru-complex) = 2 µM (1 eq.) and c(NAD(P)H) = 1 mM (500 eq.). First, a glass vial (VWR Screw Vial, 

4 ml, 45 x 14.15 mm) was charged with the corresponding amount of Ru complex via a MeOH stock 

solution using Hamilton micro syringes (for 2 µM solutions of V = 1.5 ml, 0.00267 mg 

[(tbbpy)2Ru(phen)]Cl2 (Ruphen, M = 888.99 g/mol), 0.00293 mg [Ru(tbbpy)3]Cl2 (Rutbbpy, 

M = 977.18 g/mol) or 0.00297 mg [(tbbpy)2Ru(dppz)]Cl2 (Rudppz, M = 991.08 g/mol) were added). 

After evaporation of MeOH using pressured air, a 1 mM aqueous solutions of NADH (1.065 mg per 

1.5 ml, M = 709.4 g/mol) or NADPH (1.25 mg per 1.5 ml, M = 833.4 g/mol) was prepared using 

deionized water. After adding 1.5 ml of the 1 mM nicotinamide solutions and a small stirring bar to the 

corresponding glass vials they were closed with a screw cap and allowed to incubate for 5 min in the 

dark (for [Ru(tbbpy)3]Cl2 the complex had to be first dissolved in 20 µl MeOH or DMSO prior to the 

addition of the aqueous nicotinamide solution as the pure solid was not well soluble in pure water 

itself; however no particle formation upon addition of water to this 20 µl complex solution was 

observed). After taking a first aliquot (see next paragraph) for the 0 min measurement, the glass vial 

was irradiated as described above (chapter 1).  

Aliquots for the UV-vis and emission measurements were drawn at fixed time intervals as follows: 

From the 1.5 ml reaction solutions, 100 µl were added to 2400 µl of deionized water, i.e. the reaction 

mixture was diluted by a factor of 25 for UV-vis and emission spectroscopy.  

Analysis of the obtained UV-vis and emission spectroscopy data was performed as follows: Conversion 

of NAD(P)H was calculated by the relative decrease of the UV-vis absorbance band at 340 nm and the 

emission band at 460 nm using a value of 0 for both bands for 100 % conversion as the (main) oxidation 

product, NAD(P)+, was non-absorbing and non-emitting at these wavelengths using an excitation 

wavelength for the emission measurements of 340 nm.  

For the NAD(P)H photooxidations performed in D2O instead of deionized H2O, the protocol was 

completely identical as stated above apart from the preparation of the 1 mM NAD(P)H stock solution 

in D2O instead of H2O.  

For the NAD(P)H photooxidations performed in presence of 15 mM OH radical quencher (sodium 

benzoate, M = 144.11 g/mol, m = 3.24 mg) or 15 mM 1O2 quenchers NaN3 (M = 65.01 g/mol, 

m = 1.46 mg) or histidine (M = 155.16 g/mol, m = 3.49 mg) the protocol from above was followed as 

well. However, whereas sodium benzoate and histidine were added as solids to the glass vials already 
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charged with the corresponding Ru complex, for NaN3 a stock solution was prepared which was then 

used to prepare a stock solution containing NaN3 and NAD(P)H. This combined stock solution was then 

used for dissolving the corresponding Ru complex in the glass vial.  

The “photooxidation” experiment in absence of oxygen was performed as follows: In a glovebox (Ar 
atmosphere) a 1 ml solution containing 1 mM NADH and 2 µM Rutbbpy was prepared using freshly 

degassed (1.5 min per 1 ml H2O) deionized water (a glass vial (VWR Screw Vial, 4 ml, 45 x 14.15 mm) 

was used as reaction vessel). Inside the glovebox, the reaction mixture was irradiated with one blue 

light emitting LED-stick (max = 465nm, 45-50 mW/cm2) from the bottom of the glass vial. After fixed 

time intervals, 100 µL samples were taken out from the reaction mixture and diluted by a factor of 25 

inside the glovebox by adding the sample to 2.4 ml of degassed water before they were analyzed using 

UV-vis spectroscopy. 

 

Photooxidation of NADH in presence of ADP 

As an increased NADH autoxidation rate was observed in presence of ADP in pure deionized water, the 

photooxidation process was performed in a 0.1 M phosphate buffer (pH = 7.5; therefore 140.6 mg 

Na2HPO4 (M = 141.96 g/mol) and 61.2 mg NaH2PO4 (M = 119.98 g/mol) were dissolved in 15.0 ml of 

deionized water). Using this buffer solution, no effect of ADP on the stability of NADH was observed 

(data not shown).  

Typically, 700 µL of a solution containing 2 µM of Ru complex (either Ruphen or Rudppz), 1 mM NADH 

and 10 mM ADP were prepared in 4 ml glass vials (see above). Therefore, the glass vials were first 

charged with the corresponding Ru complex via a MeOH stock solution and Hamilton micro syringes. 

After evaporation of the solvent using pressured air, 350 µL of a 2 mM phosphate buffered NADH stock 

solution and 350 µL of a 20 mM phosphate buffered ADP stock solution (both stored on ice prior to 

use) were added to the glass vial. If the photooxidation was meant to be measured in the absence of 

ADP, 350 µL of buffer were added instead of the ADP stock solution. After vigorous shaking, a “0 min” 
measurement was performed by diluting 70 µL of the solution with 2.40 ml of deionized water in a 

cuvette and measuring absorption and emission spectra (exc = 340 nm). The glass vials were irradiated 

with one blue light emitting LED-stick (max = 465 nm, 45-50 mW/cm2) from the bottom of the glass vial 

in a custom-made air-cooling apparatus. After every 10 min of irradiation 70 µl samples were drawn, 

diluted and evaluated as described above to kinetically trace the photooxidation process. All reactions 

were performed in duplicates. 

 

Photooxidation of NAD(P)H, analyzed with 1H-NMR spectroscopy: 

For a typical NAD(P)H photooxidation run, the following reaction parameters were chosen: V = 2.0 ml, 

c(Ru-complex) = 2 µM (1 eq.) and c(NAD(P)H) = 4 mM (2000 eq.). First, a glass vial (VWR Screw Vial, 

4 ml, 45 x 14.15 mm) was charged with the corresponding amount of Ru complex via a MeOH stock 

solution using Hamilton micro syringes. After evaporation of MeOH using pressured air, NAD(P)H was 

added as a solid. Then, 2.00 ml D2O were added and the reaction mixture was allowed to incubate for  

5 min in the dark. After taking a first 600 µl aliquot for 1H-NMR analysis using a standard NMR tube, 

the glass vial was irradiated as described above. After fixed time intervals, a second and a third 600 µL 

sample was analyzed via 1H-NMR spectroscopy. In order to allow for 1H-NMR spectroscopic 

comparison with pure NAD+ as reference compound, 80 µL of a PBS buffer (500 µL D2O containing 

80 mg NaCl, 2 mg KCl, 14.2 mg Na2HPO4 and 2.7 mg KH2PO4) were added to the 600 µL samples to 

compensate for peak shifts between the photooxidation products of NADH and the pure NAD+ 

observed in pure D2O (possibly due to different pH values or ion concentrations of the prepared NADH 
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and NAD+ solutions; note that NADH is used as disodium salt whereas NAD+ is used as the free acid). 

After addition of the PBS buffer the peaks of the main photooxidation product of NADH and of the 

pure NAD+ were almost identically shifted clearly showing the high selectivity of the established 

photooxidation process. 

 

1H-NMR spectroscopic determination of binding constants between Rudppz and NADH or ADP, 

respectively: 

Whereas the samples for 1H-NMR measurements containing Rudppz and ADP could be prepared under 

ambient conditions, the mixtures of Rudppz and NADH had to prepared under exclusion of oxygen in 

an argon filled glovebox to avoid photooxidation. Typically, 4 mM Rudppz was added to the respective 

NMR-tube via a methanolic stock solution. After evaporation of the solvent under reduced pressure, 

the NMR tube was subsequently charged with 45 µL d6-DMSO to guarantee well dissolved complex. 

Afterwards, 555 µL D2O containing an appropriate amount of ADP or NADH was added to the NMR 

tube. After mixing, 1H-NMR spectra were recorded at room temperature. Binding constants were 

determined using a publicly accessible online program.[6,7] 

 

Photooxidation of NAD(P)H, analyzed with the FireStingO2 optical oxygen meter: 

In an appropriate glass vial, 5 ml of a solution containing 500 µM NADH (100 eq.) and 5 µM 

[(tbbpy)2Ru(dppz)]Cl2 (0.0248 mg, 1 eq. via a MeOH stock solution using a Hamilton microsyringe) were 

prepared. Afterwards, the cuvette serving as a reaction vessel for detecting the photoinduced O2-

consumption (see chapter 1), was filled completely to the top and then sealed using a screw cap to 

minimize oxygen diffusion from the surrounding atmosphere into the reaction mixture. Then, the 

program recording the oxygen content was started (one data point is acquired every second) and after 

an equilibration period and reaching a constant O2 value of roughly 250 µM, the LED-stick was switched 

on leading to the consumption of oxygen in the solution. The same protocol was followed if 1 mM 

instead of 500 µM NADH were used. 

 

Photooxidation of histidine: 

For a typical histidine photooxidation run, the following reaction parameters were chosen: V = 2.5 ml, 

c(Ru-complex) = 10 µM (1 eq.) and c(histidine) = 5 mM (500 eq.; M(histidine) = 155.16 g/mol). First, a 

glass vial (VWR Screw Vial, 4 ml, 45 x 14.15 mm) was charged with the corresponding amount of Ru 

complex via a MeOH stock solution using Hamilton micro syringes. After evaporation of MeOH using 

pressured air, 2.5 ml of a 5 mM histidine containing aqueous stock solution was added to the complex. 

After allowing the reaction mixture to incubate for 5 min in the dark, the solutions were transferred 

into sealable cuvettes. After taking “0 min measurements”, the cuvettes were placed in the reactor 

and irradiated as described above. After fixed irradiation times (5 min) the cuvettes were first vortexed 

for 10 sec each, then placed in the UV-vis spectrometer for one measurement, then placed in the 

emission spectrometer (exc = 335 nm) and afterwards placed back to the reactor for further 

irradiation. Data analysis with respect to the different kinetics of photoinduced endoperoxide 

formation (see scheme below) was performed by plotting the increase of absorbance at 335 nm or the 

increase in emission intensity at 445 nm against the irradiation time. By simply dissolving 10 µM of the 

corresponding Ru complexes in 2.5 ml pure H2O, the photostability of the dyes was checked in absence 

of histidine. 



 

S7 

Stability of NADH in presence of H2O2: 

In order to evaluate the stability of NADH in the presence of H2O2, 2.5 ml of a 100 µM NADH solution 

in pure deionized water was prepared and transferred into a sealable cuvette. Afterwards, a 9.7 M 

aqueous H2O2 solution (30 w%, VWR) was diluted to a concentration of 9.7 mM (100µL of 9.7 M H2O2 

dissolved in 100 ml deionized water). From this 9.7 mM H2O2 solution different amounts were 

transferred into the cuvette containing 100 µM NADH and analyzed using UV-vis spectroscopy. 

Typically, the addition of 13 µL of this 9.7 mM H2O2 solution increased the H2O2 concentration in the 

cuvette by 50 µM. In the end even 20 µL of the 9.7 M aqueous H2O2 solution (30 w%) were added, 

generating a H2O2 concentration in the cuvette of roughly 70 mM. Even under these highly 

concentrated conditions NADH was completely stable as analyzed from the dilution corrected 

absorbance at 340 nm which showed no change at all. 

 

Determination of the reaction stoichiometry and formation of H2O2 as O2-reduction product: 

In order to determine the amount of oxygen consumed per molecule of NADH as well as to evaluate 

the amount of H2O2 formed per molecule of NADH, a combination of oxygen determination using the 

FireStingO2 optical oxygen meter setup (see above), UV-vis as well as emission spectroscopy was used. 

Therefore, 5 ml of a solution containing 5 µM Rudppz and 500 µM or 1 mM NADH in a 50 mM aqueous 

phosphate buffer (pH = 7.5) was prepared in the beginning. Then, a 200 µl sample was diluted with 

2.30 ml deionized water for the “pre-irradiation” UV-vis and emission measurements. The remaining 

4.80 ml of the prepared solution were transferred in the reaction chamber equipped with the 

FireStingO2 optical oxygen meter. Upon irradiation, the oxygen level dropped to 0 µM after some 

reaction time. At this point 200 µl of the solution were again diluted by 2.30 ml deionized water for 

analyzing the remaining amount of NADH after complete oxygen consumption via UV-vis and emission 

spectroscopy. Afterwards, 50 µl of a solution containing 0.50 mg catalase per 1 ml of 50 mM 

phosphate buffer were added which induced a significant evolution of oxygen. 

 

Photocatalytic NADH oxidation under argon atmosphere using H2O2 as oxidant 

The samples were prepared as follows: First, a glass vial (VWR Screw Vial, 4 ml, 45 x 14.15 mm) was 

charged with the corresponding amount of Ru complex via a MeOH stock solution using Hamilton 

micro syringes. After evaporation of MeOH using pressured air, the GC vials were introduced into an 

argon filled glovebox. Afterwards, 2.7 mL of a 1.04 mM aqueous NADH solution (degassed H2O) were 

added, followed by 100 µL of a 56 mM aqueous H2O2 solution (degassed H2O). Then, 400 µL of this 

solution were transferred into 6 glass vials each. After sealing these glass vials with screw caps, five of 

them were irradiated with one LED-stick (465 nm, 45-50 mW/cm2) from the bottom, whereas one was 

not irradiated at all, as it was used as 0 min irradiation reference. In all cases, 100 µL of the samples 

were diluted with 2.4 mL H2O under ambient conditions prior to spectroscopic analysis. 

 

Optimization of reaction conditions for the NADP-dependent malic enzyme catalyzed conversion of L-

malate to pyruvate 

To optimize the conditions for the malic enzyme (ME), reference experiments were performed. For 

this reason, different enzyme concentrations as well as L-malate concentrations were used as starting 
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conditions under two pH-values, pH 7.5 and pH 8.0. This was important because the ME showed 

substrate inhibition in some species which, in some cases, could be overcome by changing the pH 

value.[8,9]   

The experiment was done in 500 µl solutions in Eppendorf tubes using 50 µl of 10 mM NADP+ (→ 
1 mM) and 50 µl of L-malate in different concentrations, 100 mM, 50 mM and 20 mM (→ 10/5/2 mM). 

After adding 5 µl or 10 µl of a 1:5 dilution of the ME (initial concentration of the purchased 

enzyme: 25 U) the volume of 500 µl was filled with a 25 mM TrisHCl-buffer containing 4 mM MnCl2 

(ME-buffer). The reaction solutions were incubated at 30 °C and samples of 10 µl were taken in certain 

timesteps and diluted in 190 µl of 25 mM TrisHCl-buffer containing 4 mM MgCl2 (LDH-buffer) (1:20 

dilution). These samples were kept on ice until use for concentration determination with the lactate 

dehydrogenase (LDH) assay. The ME in the samples was inactivated by heat for 10 min at 95 °C in a 

heating block and centrifuged for another 10 min with 16,000 x g.  

For the determination of the pyruvate concentration an LDH assay was performed in a 96-well plate 

measuring always the samples and a standard at the same time. The wells were filled with either 100 µl 

or 85 µl of the LDH-buffer, 50 µl of 1 mM NADH and either 50 µl (total dilution 1:80) or 65 µl of the 

sample (total dilution 1:60). Calibration was done based on pyruvate standards in a serial dilution. To 

ensure a direct comparability a stock of 10 mM pyruvate was diluted 1:20 in HPLC grade water and a 

dilution series of 1:2 was used. The absorption was measured three times at 340 nm (NADH; E1) and 

then 2 µl LDH were added. After 20 min of incubation at room temperature the absorption at 340 nm 

was measured again three times (E2). These experiments showed highest concentrations of about 

0.8 mM pyruvate at pH 8.0 with 5 mM L-malate using 10 µl/500 µl of the 1:5 dilution of the ME (total 

dilution 1:250). The amount of pyruvate reached its maximum after 15 min of incubation with ME at 

30 °C. 

 

Discontinuous photobiocatalysis 

The photooxidation of NADPH by Rudppz was coupled to the enzymatic reaction using NADP+ in a 

discontinuous way. A total volume of 1.2 ml was used in the beginning, starting with 4 µM Rudppz in 

ME-buffer with 1 mM NADPH and 5 mM L-malate. As reaction vessels, glass vials (VWR Screw Vial, 

4 ml, 45 x 14.15 mm) were used. The solution was irradiated with blue light leading to the 

photooxidation of NADPH. It was vortexed for 10 s every 5 min and UV-Vis and emission spectra were 

measured every 20 min. One irradiation cycle was completed after 40 min of irradiation.  

For all spectroscopic measurements, 40 µl of the samples were diluted in 960 µl of deionized water in 

a cuvette (dilution 1:25). After 40 min of irradiation 10 µl of a 1:5 dilution of the ME were added, and 

the glass vials were incubated for 15 min at 30 °C (water bath) in the dark.  

Then samples were taken for UV-vis and emission measurements (as described above) and the reaction 

mixtures were irradiated with blue light for another 20 min in which precipitates containing Rudppz, 

ME and L-malate were formed. After analyzing the solution via UV-vis and emission spectroscopy (see 

above), the solution was centrifuged for 10 min with 11,000 x g. The supernatant was used for further 

cycles beginning with the irradiation with blue light and repeating the steps described above.  

From the second cycle on, also 10 µl of L-malate (500 mM) were added with the addition of ME to the 

reaction solution to compensate a possible loss of L-malate from previous precipitation. Likewise, an 

appropriate volume (i.e. adding 4 µM Rudppz) of a 1.50 mg/5 ml aqueous Rudppz stock solution was 

added to the supernatant after centrifugation via Eppendorf pipettes to compensate for Rudppz losses 

during the photoinduced precipitate formation as well. 
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3. Synthesis and characterization of the Ru complexes (Figures S1-S20) 

 

All reactions and purification steps were performed under ambient conditions.  

 

Synthesis of [Ru(tbbpy)3]Cl2 (Rutbbpy): 

To 122 mg [(tbbpy)2RuCl2] (0.172 mmol, 1 eq.) placed in a 100 ml round bottom flask, 50.8 mg 

(0.189 mmol, 1.1 eq.) of 4,4´-tert-butyl-2,2´-bipyridine (tbbpy) were added. After suspending the two 

compounds in 40 ml of EtOH:H2O = 3:1 (v:v), the reaction mixture was refluxed for 16 h at 85 °C. After 

removal of all volatiles the crude reaction product was suspended in 30 ml Et2O and stirred for 2 h. 

After filtration and removal of all volatiles, 156 mg (93 %, 0.160 mmol) of Rutbbpy were obtained as 

orange solid. 

1H-NMR (d4-MeOD, 400 MHz):  = 8.71 (d, J = 2.1 Hz, 6H), 7.67 (d, J = 6.1 Hz, 6H), 7.54 (dd, J = 6.1, 

2.1 Hz, 6H), 1.45 (s, 54H). 

13C-NMR (CD3CN, 126 MHz):  = 164.14, 158.44, 151.86, 126.15, 122.68, 36.62, 30.61. 

HRMS (MALDI-FT-ICR): calcd. for [M - 2Cl]+ 906.4876; found 906.4875; calcd. for [M - HCl - H - CH4]+ 

923.4092; found 923.4102; calcd. for [M - Cl]+ 941.4562; found 941.4577. 

 

 

Synthesis of [(tbbpy)2Ru(dppz)]Cl2 (Rudppz): 

To 150 mg [(tbbpy)2RuCl2] (0.212 mmol, 1 eq.) placed in a 100 ml round bottom flask, 65.6 mg 

(0.232 mmol, 1.1 eq.) of dppz were added. After suspending the two compounds in 40 ml of 

EtOH:H2O = 3:1 (v:v), the reaction mixture was refluxed for 22 h at 85 °C. After evaporation of most 

volatiles the resulting suspension was filtered through celite. Then, the remaining solvent of the clear 

red solution was removed completely. After suspending the crude product in 30 ml of Et2O and stirring 

for 30 min a filtration was performed. The obtained red powder was then subjected to size-exclusion 

chromatography using Sephadex as stationary phase and MeOH as mobile phase. Collection of the first 

main fraction resulted in the isolation of 183 mg (87 %, 0.184 mmol) pure Rudppz after a final removal 

of all MeOH. 

1H-NMR (d4-MeOD, 400 MHz):  = 9.76 (dd, J = 8.2, 1.2 Hz, 2H), 8.79 (d, J = 2.0 Hz, 2H), 8.76 (d, 

J = 2.0 Hz, 2H), 8.50 (dd, J = 6.6, 3.4 Hz, 2H), 8.25 (dd, J = 5.4, 1.2 Hz, 2H), 8.14 (dd, J = 6.6, 3.4 Hz, 1H), 

8.00 (dd, J = 8.2, 5.4 Hz, 2H), 7.81 (d, J = 6.0 Hz, 2H), 7.73 (d, J = 6.1 Hz, 2H), 7.62 (dd, J = 6.0, 2.0 Hz, 

2H), 7.40 (dd, J = 6.1, 2.0 Hz, 2H), 1.50 (s, 18H), 1.40 (s, 18H). 

13C-NMR (d4-MeOD, 126 MHz):  = 164.55, 164.41, 158.56, 158.38, 154.38, 152.43, 152.18, 151.99, 

144.22, 141.25, 134.73, 133.51, 132.27, 130.83, 128.61, 126.31, 126.18, 122.87, 122.79, 36.70, 36.60, 

30.65, 30.55. 

HRMS (MALDI-FT-ICR): calcd. for [M - 2Cl]+ 920.3842; found 920.3836; calcd. for [M - HCl - H - CH4]+ 

937.3058; found 937.3046; calcd. for [M - Cl]+ 955.3528; found 955.3520. 

 

 



 

S10 

 

Synthesis of [(tbbpy)2Ru(phen)]Cl2 (Ruphen): 

To 122 mg [(tbbpy)2RuCl2] (0.172 mmol, 1 eq.) placed in a 100 ml round bottom flask, 37.5 mg 

(0.189 mmol, 1.1 eq.) of 1,10-phenanthroline were added. After suspending the two compounds in 

40 ml of EtOH:H2O = 3:1 (v:v), the reaction mixture was refluxed for 16 h at 85 °C. After removal of all 

volatiles the crude reaction product was suspended in 30 ml Et2O and stirred for 2 h. After filtration 

and removal of all volatiles, 139 mg (91 %, 0.157 mmol) of Ruphen were obtained as red solid. 

1H-NMR (d4-MeOD, 400 MHz):  = 8.77 (d, J = 1.9 Hz, 2H), 8.73 (d, J = 1.9 Hz, 2H), 8.70 (dd, J = 8.3, 

1.1 Hz, 2H), 8.31 (s, 2H), 8.17 (dd, J = 5.3, 1.1 Hz, 2H), 7.85 (dd, J = 8.3, 5.3 Hz, 2H), 7.80 (d, J = 6.0 Hz, 

2H), 7.60 (dd, J = 6.0, 1.9 Hz, 2H), 7.49 (d, J = 6.0 Hz, 2H), 7.34 (dd, J = 6.0, 1.9 Hz, 2H), 1.48 (s, 18H), 

1.39 (s, 18H). 

13C-NMR (d4-MeOD, 126 MHz):  = 164.39, 164.25, 158.61, 158.41, 153.30, 152.21, 152.04, 149.01, 

137.93, 132.46, 129.42, 127.41, 126.20, 126.04, 122.77, 122.70, 36.67, 36.57, 30.64, 30.55. 

HRMS (MALDI-FT-ICR): calcd. for [M - 2Cl]+ 818.3622; found 818.3604; calcd. for [M - HCl - H - CH4]+ 

835.2839; found 835.2828; calcd. for [M - Cl]+ 853.3309; found 853.3293. 
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Figure S1: 1H-NMR spectrum of Rutbbpy in d4-MeOD. 

 

 

 

Figure S2: 13C-NMR spectrum of Rutbbpy in d4-MeOD. 
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Figure S3: 1H-NMR spectrum of Rudppz in d4-MeOD. 

 

 

 

Figure S4: 13C-NMR spectrum of Rudppz in d4-MeOD. 
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Figure S5: 1H-NMR spectrum of Ruphen in d4-MeOD. 

 

 

 

Figure S6: 13C-NMR spectrum of Ruphen in d4-MeOD. 
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Figure S7: Obtained mass spectrum of Rutbbpy. 
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Figure S8: Expanded mass spectrum of Rutbbpy showing the [M-2Cl]+ peak. 

 



 

S15 

898 900 902 904 906 908 910 912 914

0

20

40

60

80

100
[M-2Cl]

+ 
(simulated)

C
54

H
72

N
6
Ru

 

 

in
te

n
s
it
y
 /
 a

.u
.

m/z

9
0

0
.4

8
9

4

9
0

1
.4

9
2

6

9
0

2
.4

9
0

2

9
0

3
.4

8
8

1

9
0

4
.4

8
8

0 9
0

5
.4

8
8

6

9
0

6
.4

8
7

6

9
0

7
.4

9
0

1

9
0

8
.4

8
8

8

9
0

9
.4

9
1

1

9
1

0
.4

9
3

8

9
1

1
.4

9
7

0

 
Figure S9: Simulated mass spectrum of the [M-2Cl]+ peak of Rutbbpy. 
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Figure S10: Expanded mass spectrum of Rutbbpy showing the [M-HCl-H-CH4]+ peak. 
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Figure S11: Simulated mass spectrum of the [M-HCl-H-CH4]+ peak of Rutbbpy. 
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Figure S12: Expanded mass spectrum of Rutbbpy showing the [M-Cl]+ peak. 
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Figure S13: Simulated mass spectrum of the [M-Cl]+ peak of Rutbbpy. 
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Figure S14: Obtained mass spectrum of Rudppz. 
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Figure S15: Expanded mass spectrum of Rudppz showing the [M-2Cl]+ peak. 
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Figure S16: Simulated mass spectrum of the [M-2Cl]+ peak of Rudppz. 
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Figure S17: Obtained mass spectrum of Ruphen. 
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Figure S18: Expanded mass spectrum of Ruphen showing the [M-2Cl]+ peak. 
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Figure S19: Simulated mass spectrum of the [M-2Cl]+ peak of Ruphen. 

 

 

Figure S20: UV-vis absorption (solid lines) and emission spectra (dotted lines, exc = 335 nm) of Rutbbpy (diagram 

1), Rudppz (diagram 2) and Ruphen (diagram 3) in H2O (c = 10 µM) under air.  
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4. Figures S21-S51 

 

Figure S21: Photostability of Rutbbpy (diagram 1), Rudppz (diagram 2) and Ruphen (diagram 3) in pure deionized 

H2O under ambient conditions. Diagram 4 shows the decrease in MLCT absorbance due to the photodegradation 

of the Ru complexes with increasing irradiation time, revealing Rudppz as the most stable one, followed by 

Rutbbpy and Ruphen (i.e. Rudppz > Rutbbpy > Ruphen (1 %, 14 % and 18 % loss of 1MLCT band absorbance after 

2 h of irradiation)). 

 

 

Figure S22: UV-vis (A-C) and emission spectroscopic (D-F) analysis of the NADH photooxidation using Rutbbpy 

(A,D), Ruphen (B,E) and Rudppz (C,F). The reactions were performed at room temperature and under air, using 

1.5 mL H2O containing 20 µL DMSO each, c(NADH) = 1 mM, c(Ru-complex) = 2 µM. A spectrum was collected 

every 20 min, the black spectra indicate the measurements prior to irradiation. Based on the residual emission 

intensity after 120 min, an NADH to NAD+ conversion of >99 % for Rutbbpy, >95% for Ruphen and >99 % for 

Rudppz could be determined. 
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Figure S23: UV-vis spectrum (black) and emission spectrum (gray) of NAD+ (40 µM) in deionized water. As the 

molecule does not absorb at 340 nm no emission signal other than that from the pure solvent is observed. 

 

 

Figure S24: 1H-NMR spectroscopic comparison of the NADH photooxidation process (4 mM NADH and 2 µM 

Rudppz dissolved in D2O). Bottom spectrum: reaction mixture before irradiation; spectrum in the center: reaction 

mixture after 1 h of irradiation; top spectrum: pure NAD+ as reference. The peak at 3.65 ppm can be attributed 

to EtOH as part of the utilized NADH. 
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Figure S25: 1H-NMR spectroscopic changes of a mixture containing 2 µM Rutbbpy and 4 mM NADPH in D2O under 

air. Bottom spectrum: mixture before irradiation; spectrum in the center: mixture after 1 h of irradiation; top 

spectrum: commercially purchased NADP+ (4 mM) as reference compound. 

 

 

Figure S26: Photosensitized 1O2 emission spectra in pure MeCN (diagram 1) or MeCN:H2O (4:1, v:v, diagram 2) 

using Ruphen, Rutbbpy, Rudppz as well as [Ru(bpy)3]Cl2 as reference. Excitation of the complexes was performed 

with exc = 450 nm. The low 1O2 production by Rudppz in panel 2 can be attributed to its well-known light-switch 

effect.[10] Also, 1O2 yields of structurally very similar compounds as Rudppz have previously been determined to 

be very low in pure aqueous PBS buffer (PBS = phosphate buffered saline)[11] due to the formation of a 3MLCT 

excited state localized on the central phenazine sphere which possesses a lifetime of only 250 ps in pure water.[12] 
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Figure S27: Diagram 1: UV-vis spectroscopic changes of a reaction mixture containing 1 mM NADH and 2 µM 

Rutbbpy in H2O. The solution was prepared as described in chapter 2 of the SI and stored in the dark at room 

temperature. Diagram 2: UV-vis spectroscopic changes of a reaction mixture containing 1 mM NADH and 2 µM 

Rutbbpy in degassed H2O under argon upon irradiation with blue light (max = 465 nm, 45-50 mW/cm2). 

Diagram 3: UV-vis spectroscopic changes of a solution containing 1 mM NADH in H2O upon irradiation with blue 

light ( = 465 nm, 45-50 mW/cm2). Diagram 4: UV-vis spectroscopic changes of a reaction mixture containing 

1 mM NAD+ and 2 µM Rutbbpy in H2O upon irradiation with blue light (max = 465 nm, 45-50 mW/cm2). Samples 

were drawn and analyzed as described in chapter 2 of the SI (i.e. 100 µL aliquots were diluted with 2.4 ml 

deionized H2O prior to spectroscopic investigation). 

 

Figure S28: 1H-NMR spectroscopic changes of a solution containing 4 mM of NAD+ and 80 µM Rutbbpy in D2O 

(peak at 4.75 ppm can be assigned to residual non deuterated water). Bottom spectrum: 1H-NMR spectroscopic 

signature of NAD+ before irradiation; top spectrum: 1H-NMR spectroscopic signature of NAD+ after 3 h of 

irradiation. 
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Figure S29: Effect of 1O2 quenchers on the photooxidation of NADH (1 mM) by Ruphen (2 µM) in H2O under 

ambient conditions. 

 

 

Figure S30: Emission spectra of Rutbbpy (c = 10µM, diagram 1, left) and Ruphen (c = 10 µM, diagram 2, right) 

upon excitation into the maximum of the MLCT band at 460 nm (Rutbbpy) and 456 nm (Ruphen), respectively. 

In all cases, deionized water was used as solvent. The obtained emission intensity was corrected for the 

absorbance at the respective MLCT maxima to consider minor concentration differences between the samples 

(therefore, the emission intensities were divided by the absorbances at 460 nm or 456 nm of the respective 

samples). 
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Figure S31: Photocatalytic NADH (c = 1 mM) oxidation using different amounts of Ruphen. The reaction was 

performed in D2O under ambient conditions using one LED-stick (see chapter 2 of the SI). Diagram 1: UV-vis 

spectroscopic changes using 1.0 µM of Ruphen (a spectrum was recorded every 10 minutes); diagram 2: UV-vis 

spectroscopic changes using 0.4 µM of Ruphen (a spectrum was recorded every 15 minutes); diagram 3: UV-vis 

spectroscopic changes using 0.2 µM of Ruphen (a spectrum was recorded every 30 minutes); diagram 4: 

Comparison of the TON values using different amounts of Ruphen. 

 

 

Figure S32: For all measurements aqueous solutions containing 5 mM histidine and 10 µM of the respective 

complex were used; these solutions were irradiated with one LED-stick (max = 465 nm, 45-50 mW/cm2) and 

analyzed every 5 minutes Diagram 1: Temporal evolution of the emission intensity at 446 nm comparing the 

three different Ru complexes. Diagram 2: UV-vis spectroscopic changes using Ruphen; diagrams 3 and 4: 

Emission spectroscopic changes using Ruphen (3) and Rudppz (4), respectively (exc = 335 nm). 
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Figure S33: UV-vis and emission spectroscopic changes during the photooxidation of histidine (5 mM) using 

10 µM Rutbbpy (diagrams 1 and 2) or 10 µM Rudppz (diagram 3); diagram 4: Kinetic analysis of the UV-vis 

spectroscopic changes using Ruphen, Rutbbpy and Rudppz followed by the absorbance increase at 335 nm. 

Preparation and irradiation of the solutions was performed as described in chapter 2 of the SI. 

 

 

Figure S34: Femtosecond transient absorption spectra of A) Rudppz under Ar; B) Rudppz under air; C) Rudppz 

and NADH under Ar; D) Rudppz and NADH under air with 470 nm excitation. 
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Figure S35: Nanosecond transient absorption spectra of A) Rudppz and NADH under air and B) Rudppz and NADH 

under Ar with 470 nm excitation. In B) the signal at 390 nm corresponds to the spectral signature from radicals 

of NADH.[13–15] The signal at initial time of the experiment i.e at the lowest probe wavelength corresponds to a 

scenario where Rudppz is in excess. These Rudppz can successfully react with NADH to form its corresponding 

radicals. As time passes, the hydrogenated RudppzH2 is the predominant species preventing further oxidation of 

NADH. Hence no spectral signature corresponding to the radicals of NADH is observed at higher probe 

wavelengths. This occurs due to the inability of the detector to detect all probe wavelengths at the same instant.  

 

 

Figure S36: UV-vis absorption spectra of a solution containing 1 mM NADH, 2 mM H2O2 and either 2 µM Rudppz 

(diagram 1) or 2 µM Ruphen (diagram 2) under argon atmosphere, respectively, after diluting the solutions by a 

factor of 25 using pure water. Only for Rudppz NADH oxidation was observed after 50 min of irradiation. The 

absorbance decrease at 340 nm is ca. 17 % thus yielding a TON for NAD+ formation of 85 after 50 min. 
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Figure S37: UV-vis spectra of NADH (c = 100 µM) in H2O upon addition of increasing amounts of H2O2 under air. 

The stability of NADH is indicated by the constant absorbance at 340 nm, whereas increasing H2O2 amounts 

induce an absorbance increase between 250 and 325 nm. The dilution of the initial NADH solution by adding 

increasing amounts of H2O2 has been mathematically taken into consideration. 

 

 

 

Figure S38: 1H-NMR spectra (aromatic region) of Rudppz at different concentrations (bottom: 2 mM, center: 

4 mM, top: 6mM) in a mixture of D2O:d6-DMSO = 555:45 (v:v). The arrows connect signals originating from the 

same H-atoms; black arrows indicate a shift to smaller ppm-values upon an increase of concentration, blue 

arrows indicate the opposite shift. The signal assignment was based on literature reports,[16,17] a H,H-COSY 

spectrum (see Figure S39) and a comparison to Ruphen in the same solvent mixture (Figures S45) showing no 

peak above 8.7 ppm. 
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Figure S39: H,H-COSY spectrum of Rudppz (6 mM) in D2O:d6-DMSO = 555:45 µL; peaks that belong to the same 

spin systems are marked with the same symbols. The two tbbpy systems are marked with orange and green filled 

circles, respectively; the phenanthroline sphere of the dppz ligand is marked with black filled circles whereas 

signals belonging to the benzene like terminal moiety of the dppz ligand are marked with black squares. Signal 

assignments are in accordance with the molecular structure of Rudppz shown in Figure S38. 

 

 

Figure S40: 1H-NMR spectra of NADH (4 mM) in absence (bottom spectrum) and in presence (top spectrum) of 

Rudppz (4 mM). As solvent a mixture of D2O:d6-DMSO = 555:45 (v:v) was used. 
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Figure S41: 1H-NMR spectra of NAD+ (4 mM) in absence (bottom spectrum) and in presence (top spectrum) of 

Rudppz (4 mM). As solvent a mixture of D2O:d6-DMSO = 555:45 (v:v) was used. 

 

 

Figure S42: 1H-NMR spectra of ADP (4 mM) in absence (bottom spectrum) and in presence (top spectrum) of 

Rudppz (4 mM). As solvent a mixture of D2O:d6-DMSO = 555:45 (v:v) was used. 
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Figure S43: Aromatic region of the 1H-NMR spectra of 4 mM Rudppz, mixed with 0 mM (0.0 eq.), 2 mM (0.5 eq.), 

4 mM (1.0 eq.), 6 mM (1.5 eq.), 8 mM (2.0 eq.), and 12 mM (3.0 eq.) ADP in D2O:d6-DMSO = 555:45 (v:v).  

 

 

Figure S44: Aliphatic region of the 1H-NMR spectra of 4 mM Rudppz, mixed with 0 mM (0.0 eq.), 2 mM (0.5 eq.), 

4 mM (1.0 eq.), 6 mM (1.5 eq.), 8 mM (2.0 eq.), and 12 mM (3.0 eq.) ADP in D2O:d6-DMSO = 555:45 (v:v). 
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Figure S45: 1H-NMR-spectroscopic changes (between 7.1 and 9.7 ppm) of a solution containing 4 mM Ruphen in 

a mixture of D2O:d6-DMSO = 555:45 (v:v; bottom spectrum) upon addition of 4mM NADH (top spectrum). The 

signals originating from NADH are marked with filled black circles. 

 

 

Figure S46: 1H-NMR spectra of NADH (4 mM) in absence (bottom spectrum) and in presence (top spectrum) of 

Ruphen (4 mM). As solvent a mixture of D2O:d6-DMSO = 555:45 (v:v) was used. 
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Figure S47: Aromatic region of the 1H-NMR spectra of 4 mM Rudppz, mixed with 0 mM (0.0 eq.), 1 mM (0.25 eq.), 

2 mM (0.5 eq.), 4 mM (1.0 eq.), 6 mM (1.5 eq.), or 8 mM (2.0 eq.) NADH (from bottom to top) in D2O:d6-

DMSO = 555:45 (v:v) under an atmosphere of argon. 

 

 

Figure S48: Aliphatic region of the 1H-NMR spectra of 4 mM Rudppz, mixed with 0 mM (0.0 eq.), 1 mM (0.25 eq.), 

2 mM (0.5 eq.), 4 mM (1.0 eq.), 6 mM (1.5 eq.), or 8 mM (2.0 eq.) NADH (from bottom to top) in D2O:d6-

DMSO = 555:45 (v:v) under an atmosphere of argon.  
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Figure S49: Effect of ADP addition on the photocatalytic NADH oxidation using Rudppz (diagram 1) or Ruphen 

(diagram 2). The kinetic plots were obtained by tracing the emission maximum of NADH at 460 nm over time. 

For experimental details, see chapter 2 of the SI. 

 

 

 

 

Figure S50: Diagram 1: Course of O2-concentration (starting point at 265 µM) during a typical NADH 

photooxidation experiment using a PBS buffered aqueous solution containing 1 mM NADH and 5 µM Rudppz 

under ambient conditions. Arrow a indicates the start of blue light irradiation of the solution which ends after 

14 min, indicated by arrow b (0 µM O2 in the reaction mixture). Addition of catalase is marked by arrow c and 

the oxygen level rises to 109 µM (assuming the typical stoichiometries of the reaction it should theoretically rise 

to 132 µM; see Figure S35 for a possible explanation). Diagram 2: UV-vis (solid lines) and corresponding emission 

spectra (dotted lines) of the reaction mixture before irradiation (black curves, a) and after complete consumption 

of oxygen (gray curves, b). Based on the amount of consumed oxygen (diagram 1, 265 µM) a decrease of 27 % in 

the initial 1 mM NADH absorbance and emission was anticipated. The experimentally detected values were 31 % 

for the UV-vis measurement and 27 % for the emission measurement (decrease of the emission maximum by 

27 %). 
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Figure S51: Main panel: Emission spectra of Rudppz upon irradiation with exc = 443 nm in the malic enzyme 

buffer in absence (black curve) and presence (red curve) of the malic dehydrogenase. The peak at ca. 545 nm can 

be attributed to light scattered by the solvent. Inset: emission behavior of Rudppz in presence of ME depending 

on whether oxygen is present in the sample or not. 
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Abstract: During the light-dependent reaction of photosynthesis 

green plants couple photoinduced cascades of redox reactions with 

transmembrane proton translocations to generate reducing 

equivalents and chemical energy in the form of NADPH (nicotinamide 

adenine dinucleotide phosphate) and ATP (adenosine triphosphate), 

respectively. We mimic these basic processes by combining 

molecular ruthenium polypyridine-based photocatalysts and inverted 

vesicles derived from Escherichia coli. Upon irradiation with visible 

light, the interplay of photocatalytic nicotinamide reduction and 

enzymatic membrane-located respiration leads to the simultaneous 

formation of two biologically active cofactors, NADH (nicotinamide 

adenine dinucleotide) and ATP, respectively. This inorganic-biologic 

hybrid system thus emulates the cofactor delivering function of an 

active chloroplast.  

Introduction 

Although converting just a fraction of the incoming solar energy 

into chemical bond energy,[1,2] photosynthesis represents a key 

process enabling the occurrence of sophisticated life on earth. [3] 

Thus, it also serves as a functional blueprint for the sustainable 

harvesting and storage of solar energy in the 21st century.[4] With 

its precisely membrane-organized photosystems (PS), catalytic 

subunits and electron transport chains, photon absorption by 

green plants induces a directed charge separation on the 

nanoscale provoking the oxidation of water as well as the 

reductive formation of NADPH (nicotinamide adenine dinucleotide 

phosphate).[5] Based on the positioning of the catalytic subunits 

on different sides of the thylakoid membrane and a proton pump 

integrated in between the two photosystems PSI and PSII, an 

electrochemical proton gradient (proton motive force, pmf) across 

the membrane is additionally established. This constitutes the 

driving force of ATP (adenosine triphosphate) synthesis via 

chemiosmotic coupling.[6–8] ATP constitutes the central energy 

storage molecule within all living systems and thus represents a 

crucial cofactor for many energy-dependent biochemical 

reactions, such as CO2 fixation reactions in the Calvin–Benson–
Bassham cycle.[9]  
Using visible light as a switchable stimulus or energy source, 

several strategies for the semi-artificial photo-induced production 

of ATP have been reported.[10] They range from adding non-

natural chromophore nanoparticles to intact chloroplasts for 

improved ATP synthesis[11,12] over bioengineered originally non-

photosynthetic microorganisms[13,14] to a variety of bottom-up 

fabricated liposomes and polymersomes.[15]  

As a pmf always represents the ultimate starting point for ATP 

synthesis, these vesicle systems can be classified by the photo-

responsive agent generating the proton gradient. Typically, 

reconstituted bacteriorhodopsins (bRs),[16–25] photoacids[26–28] or 

photobases[29] are utilized. Additionally, successful ATP synthesis 

was triggered by the photoactivity of whole membrane-embedded 

PSII aggregates releasing protons upon oxidation of water at the 

Mn4CaO5 cluster.[30–32] Moreover, in the presence of hydrophobic 

quinones acting as proton shuttles, the charge separated excited 

state of an organic molecular triad was capable of acidifying the 

inside of a vesicle resulting in the photocatalytic ATP formation at 

reconstituted ATP synthases.[33,34]  

Some of these light-dependent systems made further use of the 

generated ATP,[23,24,32] e.g. ATP synthesis was coupled to energy 

demanding cascade reactions such as DNA transcription.[35] It 

was also shown that the fixation of CO2 yielding oxaloacetate from 

pyruvate[32] or even glucose, exploiting all components of the 

Calvin-Benson-Bassham cycle, can be realized.[22] Furthermore, 

parallel NADPH and ATP formation by fully functional chloroplasts 

inside cell-sized droplets were used for a variety of bio-

engineered CO2 fixation processes.[36] 

Beyond this scope, an interlink between the photochemical NADH 

generation with the respiratory electron transport chains[37] would 

result in a fully functional mimic of a chloroplast´s behavior. 

Therefore, we intended to generate a hybrid system consisting of 

a molecular photocatalyst providing NADH which is 

subsequentially consumed by inverted E. coli proteomembranes 
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driving the ATP synthesis. These inverted proteomembranes 

originate directly from E. coli cells by a single passage through a 

French Press.[38–40] Thus, the cell membranes become everted 

resulting in an inside-out conversion of all membrane proteins 

present in the E. coli cell including the respiratory chain 

complexes and the ATP-synthase. This inversion brings the 

valuable advantage of an easy accessibility of the membrane 

proteins and their reaction products normally present in the 

intracellular space. Therefore, the generation of a pmf necessary 

for ATP synthesis can easily be achieved by the addition of NADH 

to the exterior solution and thereby activating the NADH-

dehydrogenase-ubiquinone complex with its proton pumping 

activity.[41,42] In the presence of ADP and inorganic phosphate the 

in vitro ATP-synthesis using these inverted E. coli vesicles could 

be shown, e.g. by an adapted micro-biosensor approach.[43]  

Photochemical dyads consisting of a light absorbing moiety 

coupled to an NADH forming catalytic unit are ideally suited as 

these heterodinuclear transition metal complexes ensure close 

spatial proximity between essential components in biologically 

complex environments. These architectures benefit from ultrafast 

electron transfers from the chromophoric moiety to the catalytic 

center via the bridging ligand.[44–47] This efficiently generates a 

charge separated state which can be quenched in the presence 

of suitable sacrificial reductants enabling catalytic turnover. 

Based on our recent work demonstrating the successful coupling 

of photochemical NADH formation followed by enzymatic 

pyruvate reduction[48] we chose the water soluble dinuclear 

complex [(bpy)2Ru(tpphz)Rh(Cp*)Cl]Cl3 (1, bpy = 2,2´-bipyridine, 

tpphz = tetrapyridophenazine, Cp* = pentamethylcyclopenta- 

dienyl) to provide reduced cofactor equivalents to the NADH 

dehydrogenase of inverted E. coli proteomembranes. As the 

generated ATP is further utilized by hexokinase in an enzymatic 

phosphorylation reaction, the designed inorganic-biologic hybrid 

system constitutes a reaction network in which a heterodinuclear 

photocatalyst finally induces the ATP dependent formation of 

glucose-6-phosphate (G6P) upon irradiation with visible light (see 

Scheme 1). Consequently, the presented approach enables a 

photoinduced simultaneous formation of the two ubiquitous 

 

Scheme 1. Schematic overview of the photobiocatalytic process connecting the 

photocatalytic NADH formation of 1 with the enzymatic ATP and G6P production 

using inverted E. coli vesicles as the central cofactor conversion machinery. 

cofactors ATP and NADH which represents a biochemical 

prerequisite for fully autonomous self-sustaining synthetic 

protocells. 

Results and Discussion 

The envisaged transition metal complex – inverted E. coli vesicle 

hybrid system was designed to operate with two non-interfering 

catalytic cycles in an aqueous buffer solution, i.e. the vesicle-

independent NADH formation in the exterior bulk solution and the 

ATP synthesis in the confined space of the proteomembranes 

using the freely diffusing nicotinamides. In order to minimize 

possibly detrimental effects of pronounced complex – vesicle 

interactions, [(bpy)2Ru(tpphz)Rh(Cp*)Cl]Cl3 (1, see Scheme 1) 

was chosen as NADH producing photocatalyst, lacking the 

lipophilicity increasing tert-butyl groups on the terminal bpy 

ligands of the previously investigated heterodinuclear complex 

used for the photobiocatalytic pyruvate reduction.[48] Following 

established protocols,[49] 1 was synthesized by stirring 

[(bpy)2Ru(tpphz)]Cl2 and [Rh(Cp*)Cl2]2 in methanol at room 

temperature. The resulting complex possesses three chloride 

counter anions which ensure a high solubility in water (see 

chapters 5 and 6 of the SI for detailed synthetic protocols and 

structural characterization).  

Typical for a ruthenium tris-bipyridine like complex, the 

photocatalyst 1 possesses a broad 1MLCT band in the visible 

region with max = 443 nm (Figure 1A). Irradiation into this band 

using one LED-stick (max = 465 nm) for 5 h does not lead to any 

significant photodecomposition of complex 1 (Figure S1). The 

photostability of this compound is therefore ensured for the 

photobiocatalysis experiments since in this case irradiation was 

typically performed for only 1.5 h. Compared to the mononuclear 

analog [(bpy)2Ru(tpphz)]Cl2 (3) the ruthenium based emission in 

1 is quenched almost completely which indicates efficient 

intramolecular electron transfer to the Rh center (Figure 1A).[47] 

This photochemical reductive activation of the catalytic center is 

a key prerequisite for subsequent regioselective NADH 

formation.[50]  
In fact, the RhCp* center in complex 1 proved to be active in the 

reduction of NAD+ to NADH via two chemically orthogonal 

pathways. First, the light-independent formate-driven 

nicotinamide reduction verified the catalytic ability of the RhCp* 

moiety as indicated by formation of the characteristic 340 nm 

band of NADH (Figure 1B).[50] Next, also the photoinduced NADH 

formation occurred under conditions later used for combining the 

photocatalyst and the inverted vesicles (Figure 1C; 50 mM BTP, 

140 mM choline chloride, 5 mM MgCl2, 5 mM Na3PO4, 1 mM 

NAD+ and 0.2 M triethanolamine (TEOA) at pH 8.0). Here, TEOA 

served as sacrificial reducing agent regenerating the Ru(II) state 

of the photooxidized Ru(III) center, hence preventing deleterious 

recombination of the metal based charge separated state.[47] 

Consequently, no NADH formation was observed in the absence 

of TEOA (Figure S2). 1 is therefore capable to photocatalytically 

generate NADH under biologically compatible reaction conditions. 

The inverted E. coli vesicles were generated as previously 

described elsewhere.[43] Depending on different batches, the 

inverted vesicles had a total protein content of 20-30 µg/µL. To 

assess the ability of the prepared inverted vesicles to synthesize 

ATP in vitro, a qualitative luminiol/luciferase assay was used 

(Figure 1D). Here, the successful ATP formation after addition of 
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NADH was monitored by increasing luminescence values. 

Previously it could be shown that ATP synthesis is indeed driven 

by the ATP synthase present in the membrane of the vesicles 

since addition of 2 µM of the ATP synthase inhibitor venturicidin A 

completely suppressed the ATP synthesis capacity of the E. coli 

inverted membrane vesicles.[43]  

To evaluate an appropriate amount of vesicles and NADH for the 

in vitro ATP-synthesis a quantitative luminiol/luciferase assay was 

used (Figure S3). Based on these data, the NADH concentration 

was set to 500 µM and the amount of vesicles was adjusted to 

0.65 µg/µL total protein content for every further experiment. 

Next, the vesicles’ ability to generate a pmf by oxidation of NADH 

was examined in detail using an acridine orange assay (AO 

assay). The fluorophore AO is able to accumulate inside the 

vesicles by following the proton gradient across the membrane 

leading to the quenching of AO fluorescence due to the reduced 

absorbance of the formed dimeric AO aggregate at the chosen 

excitation wavelength.[51] As expected, addition of NADH to the 

buffered vesicle solution led to the formation of a proton gradient 

across the vesicle membrane indicated by a decreasing AO 

fluorescence (Figure 1E). As depicted in Figure 1E as well, also 

the addition of ATP to the reaction mixture resulted in an 

acidification of the vesicle demonstrating the known ATPase 

activity of the F1FO-ATP synthase present in the membrane.[52–54] 

The respective buffer control resulted in no AO quenching 

compared to the addition of NADH and ATP. As the NADH-

induced formation of a proton gradient was also abolished upon 

the subsequent addition of ADP (Figure 1F), the inverted E. coli 

vesicles work as depicted in Scheme 1. The order of biochemical 

events can thus be described by an NADH oxidation-induced 

vesicle acidification followed by the conversion of ADP into ATP. 

The capacity of proton gradient formation after the addition of 

NADH was also evaluated after several days of irradiation of a 

vesicle solution using a blue light emitting LED-stick 

(max = 465 nm). As revealed by the AO assay, formation of a 

typical proton gradient across the E. coli vesicle membrane could 

be observed even after 3 days of constant irradiation indicating 

the excellent photostability of the vesicles needed for further 

photobiocatalytic experiments (Figure 1G). 
After confirming the photostability as well as the catalytic activity 

of the separate systems, i.e. photocatalytic NADH-formation by 1 

and productive NADH consumption by the inverted E. coli 

vesicles, combination of these independent catalytic entities to 

achieve the final synergistic hybrid system was performed. In a 

first step, however, the individual processes were still separated 

spatially and temporarily in order to evaluate whether NADH 

generated by 1 in the absence of the inverted E. coli vesicles in 

fact initiated the formation of a proton gradient when brought in 

contact with the proteomembranes. After irradiating 1 mM NAD+ 

in the presence or the absence of 25 µM 1 for 2 h in the typical 

buffer used for photobiocatalysis experiments (vide supra), 

emission spectroscopy verified the formation of reduced 

nicotinamides only when 1 was present (Figure 1H). 

Subsequently, AO was added to these solutions and emission at 

530 nm was recorded. After an equilibration period, vesicles were 

injected into the solutions and in contrast to the sample without 

photocatalyst 1 being present in solution, the observed emission 

increase was much less pronounced for the sample which did 

contain 1 during a 2 h lasting irradiation process prior to vesicle 

addition. As a result of the above described AO accumulation 

inside the vesicles, which is associated with lowered emission 

intensity at 530 nm, this indicates the formation of a proton 

gradient by the successful consumption of photocatalytically 

generated NADH (see also Figure S4). 

Next, the simultaneous formation of NADH and ATP by the full 

photobiocatalytic hybrid system was intended. However, since 

NADH formation using 1 did only proceed gradually (Figure 1C), 

reverse proton pumping of the vesicles at the expense of ATP 

hydrolysis (Figure 1E) had to be prohibited. This was achieved 

using hexokinase-catalyzed G6P formation, trapping the reactive 

phosphate moiety of ATP on the glucose backbone (see 

Scheme S1). The equilibrium of the hexokinase reaction is clearly 

located at the product side.[55] Although it was reported that the 

product G6P can diminish the activity of hexokinase up to 54 %,[56] 

the utilization of an excess of hexokinase and long reaction times 

should make inhibition of the hexokinase activity neglectable. 

Therefore, a quantitative phosphate transfer from ATP to glucose 

forming G6P in a quantitative manner can be assumed. Based on 

a 1:1 stoichiometry, this allows calculation of present ATP levels 

by enzymatic G6P quantification.  

In order to quantify photocatalytically generated G6P, oxidation to 

the corresponding 6-phospho--lactone using glucose-6-

phosphate dehydrogenase (G6P-DH) and NADP+ as cofactor 

was performed. This step occurred during the workup of the 

aliquots taken from the photobiocatalysis. Due to the overlapping 

absorbance with the Ru complexes, the hereby generated 

NADPH was not analyzed directly. On the contrary, the NADPH 

dependent diaphorase-catalyzed reductive ring-opening of the 

tetrazole derivative INT (3-(4-Iodophenyl)-2-(4-nitrophenyl)-5-

phenyl-2H-tetrazol-3-ium chloride), yielding the pinkish formazan 

form (max = 492 nm), was coupled to the aforementioned reaction 

(Figure 1I and Scheme S1). This method additionally allowed the 

verification of the biochemical usability of the photogenerated 

NADH by a second enzymatic method: Analysis of a 

photobiocatalytic control experiment excluding the vesicles 

resulted in the formation of formazan (Figure 1J; the diaphorase 

also utilizes NADH as cofactor for the reductive ring-opening 

reaction). In contrast, the presence of the vesicles was inhibiting 

the NADH-dependent formation of formazan thus showing that 

the photocatalytically generated NADH was in fact consumed via 

the respiratory activity of the added E. coli vesicles. 

Based on these promising results, the full photobiocatalytic 

system as depicted in Scheme 1 was then examined. In 

accordance with the obtained results showing only a small 

dependence of the synthesized ATP with varying NADH 

concentrations (Figure S3), two different concentrations of 1 (5 

and 25 µM) both resulted in the photobiocatalytic formation of 

similar amounts of G6P, i.e. 15.0 ± 1 µM ATP (corresponding to 

the amount of formed G6P) using 25 µM of 1 and 17.9 ± 0.3 µM 

utilizing 5 µM of 1 (Figure 1L). Hence, using 5 µM 1, the process 

of photo-induced ATP (G6P) formation can be described as 

catalytic with respect to 1 (TON ≈ 3.6 ± 0.1). As outlined in 

chapter 2 of the SI, a rough calculation on the energy efficiency 

of this process with 5 µM 1 considering the amount of absorbed 

photons yields a value of ca. 3 x 10-3 %. For a system exclusively 

focusing on ATP formation, an energy efficiency of up to 4 % was 

reported.[34] Moreover, as shown in Figure 1K, the ATP (G6P) 

levels were constantly increasing during irradiation (see also 

Figure S5). 

To verify the necessity of all incorporated components 

contributing to the overall process, exclusion experiments were 

performed omitting either photocatalyst 1, the vesicles, NAD+ or 
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keeping the solution for 90 min in the dark. In none of these cases 

was ATP (G6P) detected (Figure 1L). Consequently, the reaction 

sequence shown in Scheme 1 correctly describes the molecular 

processes that occur. The system consists of a visible light-

dependent photoredox catalytic process yielding NADH, followed 

by the respiratory consumption of the nicotinamides at the vesicle-

integrated NADH dehydrogenase. The generated proton gradient 

ultimately provokes ATP production leading to the subsequent 

G6P synthesis by G6P-DH. 

E. coli, from which the proteomembrane vesicles originate, is a 

facultatively anaerobic bacterium and possess two types of NADH 

dehydrogenases (Ndh, NuoA-N) differing in their activity 

depending on the presence or the absence of oxygen.[57–59] 

However, both are expressed under the applied aerobic growth 

conditions.[60] Thus, it enables the bacterium to generate a pmf 

and consequently also ATP even in the absence of oxygen, 

conditions that are necessary for the photocatalytic NADH 

formation utilizing photocatalyst 1.[61] For comparison, using 

membrane vesicles originating from the strictly aerobic 

Pseudomonas putida resulted in no photocatalytic ATP formation 

using 1 as catalyst (data not shown). This is rationalized by the 

observation that also no ATP was formed when NADH was simply 

added to these vesicles under exclusion of oxygen. Unlike that, in 

the presence of oxygen these vesicles did show the capacity for 

ATP production upon NADH addition.[43] 

To further investigate the interplay of Ru complexes and the 

inverted E. coli vesicles, additional experiments were performed. 

The use of [Ru(bpy)3]Cl2 (4) as photoredox active reference 

complex resulted in no detectable ATP formation. Since 4 exhibits 

appropriate photostability (Figure S1), the inactivity can be 

correlated to the inability of photocatalytic NADH production as it 

lacks the RhCp* catalyst moiety (Figures S6-S8). Contrary, using 

[(bpy)2Ru(tpphz)]Cl2 (3), a concentration dependent ATP 

formation was observed (Figure S9). In addition to the small 

amounts of NADH that were generated upon irradiation as 

reported previously (Figures S4, S7),[48] we mainly associate this 

finding with the interaction of this complex with the 

proteomembranes via its tpphz ligand. This is verified by an  

 

Figure 1. A: Ground-state UV-vis absorption (solid lines) and steady-state emission spectrum (dotted lines) of the complexes 1 and 3 in DMSO. B: Photo-

independent NADH production using 1 (5 µM) and NaHCO2 (100 mM) as chemical reductant. C: Photocatalytic reduction of NAD+ in the photobiocatalysis buffer, 

using complex 1 (20 µM). D: Evaluation of the in vitro ATP-synthesis with inverted E. coli vesicles (650 µg/mL total protein concentration) using a luminol-

luminescence assay. ATP synthesis was monitored at 560 nm in the presence (red curve) or the absence of vesicles (black curve). The black arrow indicates 

addition of NADH (500 µM final concentration) to initiate the vesicle respiration and the ATP synthesis. E: Emission of AO in the presence of vesicles upon initial 

addition of the respective substrate (ATP or NADH; 1.0 mM or 0.5 mM final concentration, respectively) or the pure buffer (black triangle) and subsequent addition 

of NH4Cl (green triangle). F: Course of the AO fluorescence in the presence of 650 µg/mL (total protein concentration) of inverted E coli vesicles. As indicated with 

the first arrow, NADH addition (500 µM, final concentration) initiates respiratory activity of the vesicles. Addition of ADP, NH4Cl or the pure buffer is indicated with 

the asterisk marked arrow. G: Course of the AO fluorescence after addition of NADH (500 µM) to 650 µg/mL (total protein concentration; addition is indicated by 

the black arrows) of the inverted E coli vesicles which were either used directly (black curve) or irradiated for 3 days at room temperature (red curve) using one 

LED-stick (max = 465 nm, 45-50 mW/cm2). H: Emission of AO in the presence of an independently irradiated photocatalysis mixture with the subsequent addition 

of the vesicles (t = 50 sec). The photocatalysis mixture was irradiated for 2 h in the typical photobiocatalysis buffer (1 mM NAD+, 25 µM 1 (black trace) or 0 µM 1 

(i.e. “blank”, orange trace)); the inset shows the emission resulting from the photogenerated NADH (max ≈ 460 nm) after these 2 h of irradiation as black. I: Course 

of formazan formation, detected by its absorbance at 492 nm. The mixture consisted of glucose (0.1 mM), hexokinase (1 U), G6P-DH (1 U), NADP+ (0.5 mM), 

diaphorase (0.8 U) and INT (0.1 mM). The addition of ATP (0.5 mM, final concentration) is indicated by the black arrow and induces the enzymatic reaction cascade 

depicted in Scheme S1. J: Exemplary kinetic analysis of the photogenerated NADH by formazan absorbance at 492 nm after workup of the aliquots taken from the 

photobiocatalysis at the given irradiation time using 5 µM 1 as catalyst (see also Figures S5 and S10). K: Exemplary kinetic development of ATP concentration 

during the photobiocatalysis using 5 µM 1 as the catalyst (see also Figure S5). L: Comparison of the ATP output from different catalysis mixtures using 5 µM of 

catalyst 1. 
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Figure 2. A and B: Changes of the luminescence intensity of complexes 3 (A) and 5 (B) (both 10 µM and dissolved in the photobiocatalysis buffer) upon addition 

of increasing volumes of the vesicle suspension (650 µg/mL). C: Comparison of the relative emission intensity increase of complexes 3 and 5 upon addition of the 

vesicles (650 µg/mL, N = 2; the errors are small and are thus mostly overlayed by the data points). D: Evaluation of complex-vesicle interactions by comparing the 

ground-state UV-vis absorption spectra of the respective complexes prior and after an 1 h long incubation at room temperature (see Figure S13 for detailed spectra, 

N = 2). E: Molecular structures of the complexes 2, 3 and 5. The phosphonic acid groups highlighted by blue color become deprotonated under the utilized buffer 

conditions.[68] 

increasing emission of 3 upon vesicle addition (Figure 2A).[62,63]  

According to recent literature, such interactions possibly enable 

other pathways of ATP formation.[64,65] To test this, we utilized 

[(bpyP)2Ru(tpphz)]Br2 (5) (bpyP = (2,2'-bipyridine-4,4'- 

diylbis(methylene))bis(phosphonic acid)) which is – like the lipids 

present in the inner E. coli membranes[66,67] – negatively charged 

under the slightly basic buffer conditions.[68] With this anionic 

complex, significantly reduced interactions with the inverted 

E. coli membranes were detected (Figure 2B,C and S11) and 

consequently no ATP formation was observed. As for the 

heterodinuclear analog [(bpyP)2Ru(tpphz)Rh(Cp*)Br]Br3 (2) 

similar ATP (G6P) amounts (22.8 ± 0.8 µM, using 5 µM 2; 

TON ≈ 4.6± 0.2, see also Figure S12) as for complex 1 were 

obtained, the modified bpy ligands do neither impart photoredox 

activity (Figure S7) nor NADH consumption by the E. coli vesicles 

(Figure S12). Instead, the inability of 5 to effectively interact with 

the membranes impedes ATP formation. 

These interaction studies via emission spectroscopy were 

complemented by incubation-centrifugation experiments 

analyzed by UV-vis absorption spectroscopy (Figure 2D and 

Figure S13 for detailed spectra). The loss of ruthenium complex 

in the supernatant solution by loading the vesicles with the 

chromophores was much stronger for 3 than for 5. This trend was 

also observed for the heterodinuclear complexes as 1 was 

sticking to the vesicles at a higher extent than 2. As complex 4 did 

not stain the vesicles at all, lipophilicity as well as overall charge 

both contribute to the interaction of Ru complexes and the 

inverted E. coli vesicles. Thus, in the case of lipophilic complexes, 

the interaction with the vesicles can be decreased by 

incorporation of anionic functional groups. 
To delineate a full picture of the photocatalytic ATP formation in 

the present system, the detection of a proton gradient in the 

absence of NAD+ and ADP was intended. After optimizing the 

reaction conditions (see Figures S14-S17), 20 µM ruthenium 

complex (1, 3 or 5) and 5 µM AO were used for monitoring the 

visible light-driven acidification of the vesicles. Consistent with 

catalytic outcomes, light-switch results and the centrifugation 

experiments (Figure 2), a proton gradient in the absence of NAD+ 

was only detected for complex 3 (Figures S18-19).[64,65]  

Based on the obtained data, it can thus be concluded that the 

heterodinuclear complexes 1 and 2 induce the visible light-driven 

ATP synthesis exclusively via an NAD+ dependent pathway as 

schematically depicted in Scheme 1. In view of their ability to 

imitate a chloroplast´s behavior by simultaneously generating 

NADH as well as ATP, the heterodinuclear Ru-Rh complexes 1 

and 2 in combination with inverted E. coli vesicles are 

emphasized for their use in future self-sustaining synthetic 

protocells. 

Conclusion 

The presented hybrid system consisting of the heterodinuclear 

tpphz-bridged Ru-Rh photocatalysts and inverted E. coli vesicles 

is capable of generating the two biologically active cofactors 

NADH and ATP simultaneously using visible light as external 

energy source. It therefore imitates the main function of natural 

chloroplasts to provide reduced nicotinamides as well as ATP for 

subsequent energy-requiring reductive cascade reactions. By 

analyzing the individual processes necessary to synthesize ATP, 

it was shown that the photocatalytically generated NADH in fact 

acidifies the inside of the proteomembrane vesicles. This resulting 

pmf is then used to convert ADP and Pi into ATP, finally resulting 

in the phosphorylation of glucose. This last step is reminiscent of 

the natural chloroplast system as well, since in green plants 

photochemically generated ATP is utilized in a biochemically 

similar phosphorylation reaction to activate ribulose-5-phosphate 

for CO2 fixation and reduction. 
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Additionally, it was found that the interactions of the investigated 

Ru polypyridine complexes and E. coli derived vesicles can be 

controlled by the overall charge and lipophilicity of the 

coordination compounds. We find that in accordance with the 

presence of negatively charged lipids in the vesicle membrane, 

the negatively charged methylphosphonate derivatives 2 and 5 

show significantly lower affinity to the vesicles. The combination 

between 2 and the proteomembrane vesicles therefore represent 

a system in which the photocatalytic NADH formation and the 

subsequent pmf triggered ATP generation are decoupled with 

minimal electrostatic interactions.  

With these results at hand further applications such as cascade 

reactions utilizing both cofactors NADH and ATP can be 

envisaged. Energy intensive reductive activations of N2 as well as 

CO2 fixation reactions might be possible if suitable enzymes 

would be provided to the presented cofactor-producing inorganic-

biologic hybrid system. For such cascade reactions, the system is 

benefiting from the fact that the generated cofactors are well 

accessible in the exterior bulk solution rendering it unnecessary 

to imbed the required enzymes in the vesicular architectures. 

Hence, our system paves the way towards self-sustaining 

synthetic protocells which are able to produce reducing 

equivalents and molecular energy equivalents autonomously, 

provided they receive suitable photonic input. 
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Two cofactors: Like the chloroplasts of green plants, a hybrid system consisting of heterodinuclear photocatalysts and inverted E. coli 

vesicles generates reduced nicotinamides and adenosine triphosphate simultaneously. 
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S2 

1. General Information 

 

Chemicals and Materials: All reactions were performed under air if not otherwise stated. All solvents 

utilized for synthetic purposes were of technical grade and were redistilled prior to use. Oxygen-free 

solvents were obtained by bubbling argon through these liquids (2 min per 1 mL of solvent) using a 

common cannula piercing a septum. SephadexTM LH-20 was obtained from GE Healthcare. Size 

exclusion chromatography was performed on SephadexTM LH-20 using methanol as mobile phase. 

Inversion of cell membranes were performed with the French-Press Pressure Cell SLM Amic (SLM 

Instruments), membrane separation was performed by ultracentrifugation using an Optima XPN-100 

ultracentrifuge (Beckman Coulter). 

The nicotinamide adenine dinucleotides NAD+, NADH (ultra-pure, ≥ 98 %), nicotinamide adenine 

dinucleotide phosphate (NADP+), adenosine triphosphate sodium salt (ATP), adenosine diphosphate 

potassium salt (ADP) and glucose-6-phosphate disodium-salt (G6P) were purchased from Roche 

Diagnostics. Choline chloride and acridine orange (AO, AO∙HCl∙ZnCl2) was purchased from Alfa Aesar 

(Thermo Fisher Scientific), 1,3-bis(tris(hydroxymethyl)methylamino)propane (BTP) from PanReac 

AppliChem. Manganese chloride hexahydrate (MgCl2 x 6 H20), ammonium chloride (NH4Cl), 

dithiothreitol, glycerol and D(+)-glucose were used from Carl Roth GmbH and tri-sodium phosphate-

dodecahydrate (Na3PO4 x 12 H20), triethanolamine-hydrochloride (TEOA) was used from Merck 

Millipore. The compound (3-(4-iodophenyl)-2-(4-nitrophenyl)-5-phenyl-2H-tetrazol-3-ium chloride 

(INT) was used from Sigma-Aldrich (Merck). The enzymes hexokinase (HK, from yeast) and glucose-6-

phosphate-dehydrogenase (G6P-DH, from Leuconostoc mesenteroides) were purchased from Roche 

Diagnostics and the enzyme diaphorase (from Clostridium kluyveri) was purchased from Sigma-Aldrich 

(Merck). Tris-HCl and NaCl were obtained from AppliChem GmbH, Tryptone (BactoTM Tryptone) and 

yeast extract (BactoTM Yeast extract) were purchased from Otto Nordwald GmbH. 

[Rh(Cp*)Cl2]2, ruthenium chloride (RuCl3 ∙ xH2O), trimethyl bromide (TMSBr), sodium aluminium 

hydride (NaAlH4), triethylphosphine (PEt3), dimethyl sulfoxide (DMSO), acetonitrile (MeCN) and 

[Ru(bpy)3]Cl2 (4) were all purchased from Sigma-Aldrich (Merck). 1,10-Phenanthroline and 4,4´-

dimethyl-2,2´-bipyridine were obtained from abcr GmbH. Acetic acid and methanol (MeOH) were 

purchased from VWR GmbH. Sodium formate (NaHCO2) was obtained from TCI GmbH.  

[(bpy)2Ru(tpphz)]Cl2 (3),[1] [(bpyPEt)2Ru(phenO2)](PF6)2,[2] and 1,10-phenanthroline-5,6-diamine[3] were 

synthesized according to literature procedures. 

 

UV-vis absorption spectroscopy was performed on a JASCO V-670 UV-vis-NIR Spectrophotometer 

using gas-tight quartz glass cuvettes (d = 10.0 mm, Hellma). Enzyme kinetics were monitored at the 

Ultrospec 2100 pro (Amersham Biosciences) spectrophotometer using polystyrene cuvettes 

(d = 10.0 mm, Sarstedt). Microtiter plate based enzymatic read out was performed with the Tecan 

Infinite® M200 multimode plate reader (Tecan, Crailsheim, Germany) using transparent 96x well 

microtiter plates (Sarstedt).  

Emission spectroscopy was performed on a JASCO FP-8500 Fluorescence Spectrometer with gas-tight 

quartz glass cuvettes (d = 10.0 mm, Hellma).   

Fluorescence measurements (using AO as pH gradient sensor) were performed in an Amicon Bowman 

series 2 fluorescence spectrometer (spectronic industries) with single use fluorescence polystyrene 

makro cuvettes (ratiolab GmbH) 



 

S3 

High resolution mass spectrometry (HRMS) was performed using a Fourier Transform Ion Cyclotron 

Resonance (FT-ICR) mass spectrometer solariX (Bruker Daltonics) equipped with a 7.0 T 

superconducting magnet and interfaced to an Apollo II Dual ESI/MALDI source. For all measurements 

trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) was used as matrix. 

Spectra were analyzed with the DataAnalysisViewer 4.2 from Bruker and transferred to Origin 9.0. 

Spectra simulation was performed with mMass Version 5.5.0 and transferred to Origin 9.0 as well. 

1H (400 MHz) and 31P-NMR (162 MHz) spectra were recorded on a Bruker Avance 400 MHz at room 

temperature and processed with MestReNova software (Version 12.0.0). The shift values are given in 

ppm and are referenced to the corresponding solvent residual peaks (1.94 ppm (quintet) for CD3CN 

and 3.31 ppm (quintet) for d4-MeOD). 

Irradiation setup: For all catalysis runs and irradiation experiments analyzed in-situ via UV-vis or 

emission spectroscopy the irradiation setup consisted of a custom-made reactor equipped with four 

ventilators to exclude heating of the samples and one blue light emitting LED-stick (max = 465nm, 45-

50 mW/cm2) in the center of this reactor.[4] The cuvettes were placed on top of the LED-stick.   

For the photobiocatalytic ATP formation the GC vials containing the photoactive components were 

irradiated with one blue light emitting LED-stick (max = 465nm, 45-50 mW/cm2) inside an argon filled 

glovebox (see chapter 2 for more details) at a distance of ca. 1cm. 
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2. Experimental details 

 

The photobiocatalytic ATP generation was performed inside an argon filled glovebox using an aqueous 

buffer solution as solvent (50 mM BTP, 140 mM choline chloride, 5 mM MgCl2, 5 mM Na3PO4, 1 mM 

NAD+, 150 µM ADP and 0.2 M triethanolamine (TEOA) at pH 8.0). The amount of the vesicle solution 

used for the experiments was adjusted to 650 µg/mL total protein concentration. To the vesicle-buffer 

mixture 500 µM α-D-glucose and Hexokinase (HK, 1 U) as coupling enzyme were added. This mixture 

was kept on ice until degassing of the buffer with argon (2 min per mL) in an argon filled Schlenk flask. 

In detail, the experimental approach was as follows: First, glass vials (VWR Screw Vial, 4 mL, 

45 x 14.15 mm) were charged with the respective amount of Ru complexes (5 and 25 µM solutions 

were evaluated) via MeOH or MeOH/H2O stock solutions using Hamilton micro syringes. After 

evaporation using pressured air, the glass vials were introduced into an argon filled glovebox. Here, 

the complexes were dissolved in 2.0 mL degassed buffer solution (see above) and then the GC-vials 

were sealed with a gas-tight lid. After an incubation period of 5 min, the samples were irradiated with 

one LED-stick (max = 465 nm, 45-50 mW/cm2) from the bottom of the glass vials. Typically, every 

15 min (if the photobiocatalysis experiments were performed for a duration of 1.5 h) or every 30 min 

(if the photobiocatalysis experiments were performed for a duration of 4 h) a 100 µL aliquot of the 

solution was taken and stored on ice outside of the glovebox until further use.  

The enzymatic readout was performed as follows: After irradiation of the reaction mixture all collected 

samples were boiled for 15 min at 95 °C to inactivate all enzymes avoiding reactions disturbing the 

following enzymatic readout (see Scheme 1). The denatured proteins were removed by centrifugation 

(20 min 20∙800 g, 4 °C) and 50 µL of the supernatants were taken for the enzymatic quantification of 

the generated glucose-6-phosphate (G6P). The readout was performed in two steps in a 96x well 

microtiter plate (assay volume 100 µl). First, the enzyme diaphorase was added (0.8 U) to the reaction 

mixture containing 0.5 mM INT (3-(4-Iodophenyl)-2-(4-nitrophenyl)-5-phenyl-2H-tetrazol-3-ium 

chloride), 2.5 mM NADP+ and 25 mM Tris-HCl (pH 7.5). After incubation for 30 min at room 

temperature, the absorbance at 492 nm (E1) was determined in a Tecan microplate reader. 

Afterwards, the enzyme G6P-DH (1 U) was added and incubated for 1 h at room temperature for 

conversion of the present G6P to 6-phospho--lactone and generation of NADPH from NADP+. The 

hereby formed NADPH is then used by diaphorase together with INT to yield additional formazan and 

NADP+ (see Scheme 1). Subsequently, the absorbance at 492 nm is measured (E2). The difference of 

the absorbance values (Δ(E2-E1)) is used for the calculation of the G6P amount (stoichiometrically 

equivalent to produced ATP with the reaction equilibrium being strongly on the product site[5]) based 

on a parallel performed calibration based on a serial dilution of G6P. 

 



 

S5 

 

Scheme S1: Graphical representation of the enzymatic G6P readout using the diaphorase catalyzed reductive 

ring opening reaction of the INT tetrazolium ring yielding the strongly absorbing formazan product ( = 492 nm). 

This process allows to quantify the amount of reduced nicotinamides (NADH and NADPH) by comparing the 

obtained values with those from an additional G6P calibration. The G6P itself, produced in the photobiocatalytic 

experiments, originates from the Hexokinase catalyzed phosphorylation of glucose. 

 

The NAD+ independent photoacidification of inverted E.coli vesicles using acridine orange (AO) as 

sensor for a proton gradient formation was performed as follows: To assess the capacity of the Ru 

complexes 1, 3 and 5 to induce proton gradient formation, a slightly varied photocatalysis buffer 

(50 mM BTP; 140 mM choline chloride; 5 mM MgCl2; 5 mM Na3PO4; 0.2 M TEOA, pH 8.0) was used 

without added ADP, NAD+ and Hexokinase enzyme. The same amount of inverted E. coli vesicles (total 

protein concentration 650 µg/mL) was added to the buffer as used for the photobiocatalysis 

experiments. The buffer containing the vesicles was first poured into a one-necked round bottom 

schlenk flask, which was already set under an argon atmosphere. After bubbling argon through the 

suspension (2 min per mL), the schlenk flask was introduced into a glovebox. Here, glass vials equipped 

with the corresponding amount of Ru complex (20 µM; via MeOH stock solutions using Hamilton micro 

syringes and pressured air to remove all volatiles) were filled with 2.49 mL of the degassed buffer and 

charged with 5 µM AO by adding 10 µL of  1.25 mM degassed aqueous AO stock solution. The final 

yellow suspension was subsequently transferred into a sealable gas-tight quartz glass cuvette 

(d = 10.0 mm, Hellma) equipped with a septum on the top.   

Then the sample was irradiated with one LED-stick ( = 465 nm, 45-50 mW/cm2) at room temperature 

from the bottom of the cuvette for the corresponding time in a home-made reactor as described in 

chapter 2. Afterwards the cuvette was placed into an Amicon fluorescence spectrometer 

(exc = 495 nm; det = 530 nm). After detecting a stable fluorescence signal, the proton gradient was 
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abolished by addition of an argon degassed aqueous NH4Cl stock-solution (to reach a final 

concentration of 2.5 mM NH4Cl) using a needle and puncturing the septum of the cuvette. 

 

Preparation of the inverted vesicles from Escherichia coli (E. coli) cells. 

Inverted vesicles were prepared as described previously.[6] In brief, E. coli TK2309 or Pseudomonas 

putida KT 2440 cells were cultivated overnight in 500 mL LB medium (10 g tryptone/L; 5 g yeast 

extract/L; 10 g NaCl/L), harvested by centrifugation, resuspended in 50 mL of TCDG buffer (10 mM Tris-

HCl, pH 7.5; 140 mM choline chloride; 0.5 mM dithiothreitol; 10 % (v/v) glycerol), and washed three 

times. Afterwards, the cells were suspended in a French Press buffer containing additionally to the 

TCDG buffer protease inhibitor cocktail tablets (Roche Diagnostics) and a trace element of DNase 

(Roche Diagnostics). Inversion of cell membranes was done by a single passage through a French Press 

at 1∙100 psi. Cell debris was removed by centrifugation and membranes were collected by 

ultracentrifugation (200∙000 g; 90 min; 4 °C). Membrane pellets were resuspended in fresh TCDG 

buffer and stored at -80 °C at a concentration of 22 µg/µL before use (E. coli). The total protein content 

was quantified by the Qubit 4 Fluorometer (Thermo Fisher Scientific) according to the manufacturer’s 
instructions.  

 

Luminol-luminescence based evaluation of ATP-synthesis with inverted E. coli membrane vesicles. 

The qualitative evaluation of the ATP synthesis was done as described elsewhere.[6] In brief, 96x well 

microtiter plates (assay volume 200 µL) containing a buffered vesicle solution (50 mM BTP; 140 mM 

choline chloride; 5 mM MgCl2; 150 µM ADP; 5 mM inorganic phosphate (Pi)) were mixed with a 

luciferase/luminol solution (ATP-determination kit, Thermo Fisher Scientific) in a ratio 10:1. ATP-

synthesis was initiated by the injection of NADH to a final concentration of 500 µM. Luminescence was 

monitored in a kinetic cycle by Tecan infiniteM200 plate reader. As a control, the experiment was also 

performed in the absence of inverted vesicles.   

To identify optimal conditions for an in vitro ATP synthesis, different concentrations of NADH (250-

1000 µM, final concentration) were injected to the buffered vesicle solution (175 µg/mL) and resulting 

ATP levels were quantified after 2 min based on an ATP standard calibration. In an additional setup, an 

increasing amount of vesicles (0-550 µg/mL total protein concentration) were added to the reaction 

mixture and ATP levels were quantified after injection of NADH to a final concentration of 500 µM. 

 

Acridine orange assay to examine proton gradient formation across vesicular membrane. 

In every acridine orange (AO) assay a volume of 1 mL (in polystyrene makro-cuvettes) was used. To the 

assay buffer (50 mM BTP; 140 mM choline chloride; 5 mM MgCl2), 1 µM AO and 650 µg/mL (total 

protein concentration) of inverted vesicles were added and the reaction mixture was incubated at 

room temperature for 30 min. Afterwards, the AO fluorescence was constantly monitored in an 

Amicon fluorescence spectrometer (exc = 495 nm; det = 530 nm). Proton gradient formation was 

initiated by addition of NADH (final concentration 500 µM), ATP (1 mM final concentration) or buffer 

as control to the cuvette. Proton gradient was abolished by addition of NH4Cl to a final concentration 

of 2.5 mM. 
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The photostability of the various Ru complexes utilized for the photobiocatalytic experiments (1-5) 

was determined in H2O:DMSO = 9:1 (v:v) under air. The samples were prepared as follows: starting 

from MeOH or MeOH/H2O stock solutions of the different Ru complexes, an appropriate volume was 

transferred into a glass vial (VWR Screw Vial, 4 mL, 45 x 14.15 mm) using Hamilton micro-syringes. 

After evaporation of the solvent, the Ru complex was dissolved in 3 mL of H2O:DMSO = 9:1 (v/v, 

2700 µL:300 µL) and then transferred into a cuvette. Irradiation was performed in a custom-made 

reactor as described in chapter 1.[4] 

 

The stepwise photobiocatalysis experiments used to verify the biological activity of nicotinamide 

reduction products was performed as follows: First, 2.5 mL of buffered solutions (50 mM BTP, 140 mM 

choline chloride, 5 mM MgCl2, 5 mM Na3PO4, 0.2 M TEOA, pH 8.0, 1 mM NAD+) containing 25 µM Ru 

complex 1, 2, 3 or 4 were prepared inside of an argon filled glovebox in glass vials (VWR Screw Vial, 

4 mL, 45 x 14.15 mm). Prior to use, the buffer solution was hence degassed for 2 min per mL. The 

solution was then transferred into sealable cuvettes. Irradiation for 2 h was performed using the setup 

described in chapter 1 and followed by UV-vis absorption and emission spectroscopy to verify NADH 

formation. 

After these 2 h of irradiation, 1 mL of the samples was transferred into polystyrene makro-cuvettes 

equipped with a small stirring bar followed by the addition of AO (1 µM, final concentration). After 

stirring the sample for ca. 2 min to achieve a homogeneous distribution of AO, AO luminescence was 

detected as described above. Afterwards, 100 µL of a buffered solution (50 mM BTP, 140 mM choline 

chloride, 5 mM MgCl2, 5 mM Na3PO4, 0.2 M TEOA, pH 8.0) containing 440 µg/mL (total protein 

concentration) inverted E. coli vesicles was added to the stirred solution. This resulted in a strong 

luminescence increase for the blank experiment as well as for Ru complexes generating no or only less 

NADH, whereas only low luminescence increase was observed for the samples containing much NADH 

(assessed by emission spectroscopy). 

 

The photostability of acridine orange (AO) was assessed using UV-vis absorption as well as emission 

spectroscopy. Therefore, a suitable amount of AO∙HCl∙ZnCl2 (M = 438.10 g/mol) was dissolved in 

deionized water and transferred into a 10 mm x 10 mm cuvette. Irradiation was performed with one 

LED-stick (max = 465 nm, 45-50 mW/cm2) from the bottom of the cuvettes inside the custom-made 

reactor described in chapter 1. The emission spectra were recorded after excitation of AO with 

exc = 495 nm. 

 

The photostability of the vesicles was examined by the analysis of proton gradient formation using an 

AO-assay. Inverted E. coli vesicles (650 µg/mL total protein concentration) were added to the AO-assay 

buffer (50 mM BTP; 140 mM choline chloride; 5 mM MgCl2) and irradiated with one blue light emitting 

LED-stick (max = 465nm, 45-50 mW/cm2) for 3 days. After this time, the proton gradient formation was 

tested by the AO assay (1 µM acridine orange final concentration) as described above. 

 

The emission quenching of acridine orange (AO) by Ru complex 1 was determined in air-equilibrated 

deionized water. Therefore, two solutions were prepared. The first solution only contained 1 µM AO, 

the second solution contained 1 µM AO and 100 µM 1. The addition of suitable volumes of the second 
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solution to the first one allowed to determine the emission quenching of AO by various equivalents of 

1. The emission spectra were recorded after excitation of AO with exc = 495 nm. 

 

The formate driven NAD+ reduction was determined via UV-vis absorption spectroscopy. Therefore, a 

5 µM solution of the Ru complexes (1, 2, 3 and 7) in H2O:DMSO =9:1 (v/v, Vtotal = 3 mL) containing 

100 mM NaHCO2 and 200 µM NAD+ was prepared under argon atmosphere. Solvents were degassed 

as discussed in chapter 1. After recording a starting spectrum, the cuvettes, serving as the reaction 

vessels, were placed into a pre-warmed water bath (40 °C). Catalytic turnover was measured by 

recording an UV-vis spectrum every 10 min and determined using the extinction coefficient of NADH 

at 340 nm ( = 6230 L/mol*cm).[7] In detail, the absorbance at 340 nm of the starting spectrum was 

subtracted from all absorbances at 340 nm of the spectra recorded upon heating the sample. The 

increase in absorbance at this wavelength was used to determine the turnover numbers (TONs) by 

dividing the concentration of NADH by the concentration of the utilized catalyst (5 µM). 

 

The emission spectroscopic detection of the light switch effect for compounds 3 and 5 in the presence 

of inverted E.coli vesicles was performed as follows: To a 10 µM solution (V = 2.5 mL) of the respective 

complexes dissolved either in deionized water (condition i) or in the typical buffer (50 mM BTP, 

140 mM choline chloride, 5 mM MgCl2, 5 mM Na3PO4, condition ii), a buffered suspension of E.coli 

vesicles (total protein concentration 650 µg/mL; 50 mM BTP, 140 mM choline chloride, 5 mM MgCl2, 

5 mM Na3PO4) was added. For condition i, vesicle addition was performed in steps of 20 µL until 

Vadded,total = 180 µL was reached. For condition ii, vesicle addition was performed first in smaller steps 

(Vadded,total = 5 µL, 10 µL, 20 µL) then in steps of 20 µL until Vadded,total = 100 µL was reached and then in 

larger steps of 100 µL until Vadded,total = 400 µL was reached.  

In all cases the excitation was performed at the maximum of the MLCT band (exc = 447 nm for 3 and 

exc = 449 nm for 5, respectively) and emission was recorded from 500 – 900 nm. After addition of the 

last vesicle aliquot and an incubation period of 1 h at room temperature, the emission spectrum was 

recorded again to test for a kinetically impeded complex-vesicle interaction (which was not observed, 

see Figure S12). 

 

The UV-vis spectroscopic detection of supramolecular interactions between the Ru complexes 1, 2, 

3, 4 and 5 with the inverted E.coli vesicles was performed as follows: First, a 10 µM aqueous buffered 

solution (V = 1.6 mL; buffer: 50 mM BTP, 140 mM choline chloride, 5 mM MgCl2, 0.2 M TEOA, pH 8.0) 

of the respective complexes was prepared and then an UV-vis absorption spectrum was recorded. 

After that, 55 µL of the inverted E.coli vesicles (22 µg/µL total protein concentration, i.e. 730 µg/mL 

final total protein concentration) were added and then incubated for 1 h at room temperature. After 

centrifugation (21∙000 g, 75 min, 4 °C), the supernatant was analyzed by UV-vis spectroscopy again. 

The loss of the Ru complex by interaction with the inverted E.coli vesicles was determined by the 

absorbance loss at the MLCT maximum of the Ru complexes. 
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Calculation of the energy efficiency of the photobiocatalytic process: 

Based on the utilized volume of the photobiocatalytic solution (V = 2.0 mL) and the concentration of 

RuRh complex 1 (5 µM) as well as the inner diameter of the GV vial (1.2 cm, r = 0.6 cm) and the 

absorbance of 5 µM 1 at 465 nm if d = 1 cm, i.e. 0.09, the following initial parameters can be calculated: 

The height of the solution inside the GC vial is 2 cm3 / (0.6 cm2 x ) = 1.8 cm. 

Consequently the absorbance of light in the system is E = 0.09 x 1.8 = 0.16. 

Application of E = Iog(I0/I) reveals that with E = 0.16 ca 30% of all incoming photons of  = 465 nm are 

absorbed by complex 1 in the utilized setup for photobiocatalysis. 

Assuming that the distance of 1 cm between the GC vial and the LED stick as well as scattering of LED 

light by the round shaped geometry of the GC vial reduces the total photonic power input from 

45 mW/cm2 (measured directly on top of the LED stick) to 20 mW/cm2 gives a total amount of photonic 

power input into the GC vial of ca. 22 mW considering the bottom area of the GC vial of 

(0.6 cm)2 x  = 1.1 cm2. 1.5 h (5400 s) of irradiation thus yields a photonic energy input of 

22 mW x 5400 s = 119 J from which only 30 % is absorbed, i.e. ca 36 J. 

As over the course of 1.5 h ca. 20 µM ATP were formed in 2.0 mL solution, ca 4.0 x 10-8 mol ATP are 

present when the experiment is finished. Considering the energy of the ATP → ADP + Pi conversion 

with -30.5 kJ/mol,[8] 4.0 x 10-8 mol x 30.5 x 103 J/mol = 1.2 x 10-3 J of photonic energy were stored. 

Dividing this value by 36 J of photonic energy that was absorbed by complex 1, an absorbance-

considered energy efficiency of ca. 3.3 x 10-3 % is obtained.  
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3. Utilized Ru complexes and their acronyms 

In the course of the experiments, five different Ru complexes (1-5) were analyzed with respect to their 

photobiocatalytic response in the presence of inverted E.coli vesicles. The ester protected derivatives 

6 and 7 served as the molecular precursors for compounds 2 and 5, which were overall negatively 

charged under the utilized catalysis conditions (pH 8.0). 

 

Scheme S2: Molecular structures and corresponding acronyms of the Ru complexes utilized for photobiocatalytic 

experiments (1-5) as well as synthetic precursors (6 and 7) towards the free phosphonic acid derivatives 2 and 5. 

The acidic moieties are highlighted by blue circles.[9] 
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4. Supplementary Figures S1-S19 

 

 

Figure S1: Photostability of the Ru complexes utilized for photobiocatalytic experiments (1-5) determined via UV-

vis spectroscopy in H2O:DMSO = 9:1. The measurements were performed as described in chapter 2 Detailed 

spectra of 1 (panel A), 2 (panel B), 3 (panel C), 4 (panel D) and 5 (panel E) are converted into a kinetic comparison 

(panel F) by plotting the relative absorbance of the MLCT-maximum with respect to the values obtained prior to 

the irradiation against the irradiation time. 
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Figure S2: Photocatalytic NADH formation by 1 (panel A), 2 (panel B), 3 (panel C) and 4 (panel D) in a TEOA 

containing (0.2 M, pH 8.0) buffer solution (50 mM BTP, 140 mM choline chloride, 5 mM Na3PO4, 0.4 mM NAD+). 

Additionally, a control experiment using 1 under TEOA-free conditions (panel E) and the difference spectra after 

90 min of irradiation (panel F) are shown. The sample irradiation was performed for 90 min and is described in 

chapter 2; spectra were recorded in intervals of 10 min, the catalyst concentration was 20 µM. 
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Figure S3: Evaluation of the ATP-formation capacity of the inverted E. coli vesicles under varying conditions using 

a quantitative luminol-luciferase assay. The specific values of the x-axis are given on top of each bar. A: Calculated 

ATP levels in the presence of an increasing amount of the inverted E. coli vesicles utilizing a constant NADH 

concentration of 500 µM (in the presence of 0, 45 and 90 µg/mL inverted E. coli vesicles, no ATP was detected). 

B: Calculated ATP levels after addition of different concentrations of NADH to the reaction mixture containing 

175 µg/mL (total protein concentration) of inverted E. coli vesicles. 

 

 

 

Figure S4: A: Course of AO emission utilizing the irradiated solutions analyzed in Figures S5-S6. After the 

subsequent addition of AO (1 µM) to these solutions, the emission intensity was recorded at 530 nm. The black 

arrow indicates addition of vesicles (see chapter 2 for details) to these solutions which contained the respective 

complexes. B: Correlation of the NADH-based emission increase after 2 h of photocatalysis with the AO emission 

increase upon vesicle addition relative to the initially (at 0 s) recorded emission intensity.  
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Figure S5: Kinetic analysis of formazan absorbance (black) due to not consumed NADH remaining in the 

photobiocatalysis solution ( E1-value, see Scheme S1) and ATP formation using 5 µM 1 under the typically utilized 

conditions (N = 2; if no error bars are visible, they are small and overlayed by the individual data points). 

 

 

 

Figure S6: UV-vis absorption (A) and emission spectra (B) of a solution containing 1 mM NAD+ in the presence of 

50 mM BTP, 140 mM choline chloride and 0.2 M TEOA at pH 8.0 prior to (black curves) and after 2 h of irradiation 

(red curves) using one LED-stick (max = 465 nm, 45-50 mW/cm2). The irradiation was performed as described in 

chapters 1 and 2. 
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Figure S7: UV-vis absorption (left column) and emission spectra (right column) of buffered solutions (50 mM BTP, 

140 mM choline chloride, 0.2 M TEOA at pH 8.0) containing 25 µM Ru complex and 1 mM NAD+ prior to (black 

curves) and after 2 h of irradiation (red curves) using one LED-stick (max = 465 nm, 45-50 mW/cm2).   

A and B: 25 µM 1; C and D: 25 µM 2; E and F: 25 µM 3, G and H: 25 µM 4. See Figure S4 for the corresponding 

blank experiment, i.e. in the absence of any Ru complex. 
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Figure S8: Formate driven NAD+ reduction in H2O:DMSO = 9:1 (v:v) using 1 (panel A), 2 (panel B), 3 (panel C) and 

7 (panel D). The reaction was performed as described in chapter 2. Panel E compares the kinetics of the obtained 

TONs (for calculation details see chapter 2, N = 2), panel F displays the general reaction mechanism according to 

Pitman et al.[10] 
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Figure S9: Photocatalytic ATP formation using [(bpy)2Ru(tpphz)]Cl2 (3) in the presence (gray bars) as well as in 

the absence (hatched bars) of NAD+. No ATP was detected if 0 µM of the catalyst was used (NAD+ was present), 

whereas significant amounts of ATP were observed if 25 or 5 µM of 3 were utilized. The bars represent the 

obtained ATP amount after 1.5 h of irradiation (N = 2 for all experiments except 5 µM without NAD+).  

 

 

 

Figure S10: Kinetic analysis of the photogenerated NADH by formazan absorbance at 492 nm after workup of the 

aliquots taken from the photobiocatalysis at the given irradiation time using 5 µM 1 as catalyst. A/B: 

Photobiocatalysis was performed for a total time of 4 h / 1.5 h, samples were taken at intervals of 

30 min / 10 min, respectively. 
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Figure S11: Emission spectra of aqueous solutions containing 3 (panel A) or 5 (panel B) upon addition of a 

buffered vesicle solution (in 20 µL steps, 0.65 µg/µL total protein concentration). Panels C and D show plots of 

the relative emission intensity increase for 3 and 5 upon vesicle addition versus the added vesicle-solution 

volume (panel C, N = 2) or the total protein concentration (panel D, N = 2), respectively. Only a small increase in 

the emission intensity was observed if 3 (panel E) or 5 (panel F) were incubated for another 1 h after the last 

vesicle addition. The bottom row shows the change of the emission maximum with increasing vesicle amount for 

3 (panel G) and 5 (panel H). 
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Figure S12: Kinetic analysis of formazan absorbance (black) due to not consumed NADH remaining in the 

photobiocatalysis solution ( E1-value, see Scheme S1) and ATP formation using 5 µM 2 under the typically utilized 

conditions (N = 2). 

 

 

Figure S13: UV-vis spectra of complex 1 (panel A, 10 µM), complex 2 (panel B, 10 µM), complex 3 (panel C, 

10 µM), complex 4 (panel D, 10 µM) and complex 5 (panel E, 10 µM) prior (black curves) and after (red curves) 

an 1 h long incubation with inverted E.coli vesicles (730 µg/mL final total protein concentration). The red spectra 

were obtained after centrifugation of the mixture removing the Ru-loaded vesicles; the experiment was 

performed as described in chapter 2. The relative loss of Ru complexes is depicted in panel F (N = 2). 
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Figure S14: Dependence of the proton-gradient reporting ability of AO on the concentration of AO itself. The 

course of AO luminescence of 1 µM AO (A), 5 µM AO (B) and 10 µM AO (C) is detected at 530 nm in the presence 

of 650 µg/mL (total protein concentration) of inverted E. coli vesicles. Addition of NADH (final concentration: 

500 µM) and NH4Cl (final concentration: 2.5 mM) is indicated by the corresponding black arrows. 

 

 

 

Figure S15: Emission spectra (panel A) of acridine orange (AO, 1 µM) upon addition of increasing amounts of Ru 

complex 1 and the corresponding plot of maximum emission intensity ( = 529 nm) versus equivalents of 1 

(panel B). 
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Figure S16: UV-vis absorption (solid lines) and emission spectra (dotted lines) of 1 µM acridine orange (AO) in 

deionized water under air (panel A) or under argon (panel B). The different colors indicate the spectra recorded 

prior to (black curves), after 10 min (red curves) and after 20 min (blue curves) of irradiation using one LED-stick 

(max = 465 nm, 45-50 mW/cm2). No effect of the gaseous atmosphere on the photolysis of AO was observed. 

 

 

 

Figure S17: Emission spectra of acridine orange (AO, 5 µM) in the absence (panel A) and the presence (panel B) 

of 20 µM 3 upon irradiation with one LED-stick (max = 465 nm, 45-50 mW/cm2). Panel C displays the emission 

spectra of 1 µM AO under the same conditions, i.e. in the presence of 20 µM 3. The plot of maximum emission 

intensity versus irradiation time (panel D) indicates that the presence of Ru complex 3 as additional absorber 

decreases the rate of photolysis of AO. In all cases air-equilibrated deionized water was used as solvent. 
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Figure S18: Evaluation of the AO luminescence, detected at 530 nm. In all cases, a solution containing 650 µg/mL 

(total protein concentration) of the inverted E. coli vesicles, 5 µM AO, 50 mM BTP, 140 mM choline chloride, 

5 mM MgCl2, 5 mM PO4
3- and 0.2 M TEOA with pH 8.0 was used. The irradiation was performed using one LED-

stick (max = 465 nm, 45-50 mW/cm2). The addition of NH4Cl is indicated by the black arrow.  

A: The above described solution was irradiated for 15 min, then analyzed by luminescence spectroscopy. B: The 

solution, additionally containing 20 µM Ru complex 3, was analyzed after keeping it 15 min in the dark. C: The 

solution, additionally containing 20 µM Ru complex 3, was irradiated for 5 min and then analyzed by 

luminescence spectroscopy. D: The solution, additionally containing 20 µM Ru complex 3, was irradiated for 

15 min and then analyzed by luminescence spectroscopy. E: The diagram compares the relative luminescence 

intensities (normalized to the emission intensity prior to NH4Cl addition) prior to (gray bars) and after addition 

of NH4Cl (hatched bars). 
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Figure S19: Evaluation of the AO luminescence, detected at 530 nm. In all cases, a solution containing 650 µg/mL 

(total protein concentration) of the inverted E. coli vesicles, 5 µM AO, 50 mM BTP, 140 mM choline chloride, 

5 mM MgCl2, 5 mM PO4
3- and 0.2 M TEOA with pH 8.0 was used. The irradiation was performed using one LED-

stick (max = 465 nm, 45-50 mW/cm2). The addition of NH4Cl is indicated by the black arrow.  

A: The above described buffer solution additionally containing 20 µM of Ru complex 5 was irradiated for 10 min, 

then analyzed by luminescence spectroscopy. B: The above described buffer solution, additionally containing 

20 µM of Ru complex 1, was irradiated for 10 min, then analyzed by luminescence spectroscopy. C: The above 

described buffer solution, additionally containing 20 µM of Ru complex 3, was irradiated for 10 min, then 

analyzed by luminescence spectroscopy. D: The diagram compares the relative luminescence intensities 

(normalized to the emission intensity prior to NH4Cl addition) prior to (gray bars) and after addition of NH4Cl 

(hatched bars) for the given Ru complexes. 
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5. Synthesis of the Ru complexes 

 

Synthesis of [(bpy)2Ru(tpphz)Rh(Cp*)Cl]Cl3 (1) 

 

In a 50 mL one-necked round-bottom flask 38.2 mg [(bpy)2Ru(tpphz)]Cl2 (0.0440 mmol, 1.94 eq.) and 

14.0 mg [Rh(Cp*)Cl2]2 (0.0227 mmol, 1.00 eq.) were suspended in 8.0 mL MeOH and stirred for 16 h at 

room temperature. After evaporation of the solvent, the crude mixture was purified using size-

exclusion chromatography (SephadexTM LH-20 with MeOH as solvent). The first fraction (which 

appeared reddish) was collected and separated from the following eluents (grayish and brownish 

compounds). Subsequent evaporation of the solvent followed by drying the red powder at 50 °C 

resulted in 44.5 mg of the desired compound (0.0378 mmol, 86 %). 

1H-NMR (400 MHz, d4-MeOD, c = 1 mM) δ 10.28 (dd, J = 8.2, 1.3 Hz, 2Hc´), 10.12 (dd, J = 8.2, 1.2 Hz, 

2Hc), 9.59 (dd, J = 5.3, 1.3 Hz, 2Ha´), 8.79 (d, J = 8.3 Hz, 2H3), 8.76 (dd, J = 8.0, 3.0 Hz, 2H3´), 8.49 (dd, 

J = 8.2, 5.3 Hz, 2Hb´), 8.42 (dd, J = 5.3, 1.2 Hz, 2Ha), 8.22 (td, J = 8.0, 1.4 Hz, 2H4), 8.13 (dd, J = 8.2, 5.3 Hz, 

2Hb), 8.11 – 8.08 (m, 2H4´), 7.97 (dd, J = 5.6, 0.7 Hz, 2H6), 7.86 (ddd, J = 7.0, 6.0, 0.6 Hz, 2H6´), 7.59 (ddd, 

J = 7.5, 5.6, 1.2 Hz, 2H5), 7.40 – 7.33 (m, 2H5´), 1.88 (s, 15HCp*). 

HRMS (MALDI-FT-ICR, MeOH ; [M] = C54H43Cl4N10RuRh; M = 1177.78 g/mol): calcd. for 

[M – Cl + MeO + CO]+ 1202.0965; found 1202.1910; calcd. for [M – 2Cl + 2MeO]+ 1168.1525; found 

1168.1036; calcd. for [M – Cl]+ 1143.0831; found 1143.0825; calcd. for [M – 3Cl + 2MeO]+ 1133.1840; 

found 1133.1322; calcd. for [M – 2Cl]+ 1106.1156; found 1106.1106; calcd. for [M – 3Cl]+ 1071.1471; 

found 1071.1459; calcd. for [M – 4Cl]+ 1036.1786; found 1036.1758; calcd. for [M – bpy – 2Cl + 2MeO]+ 

1012.0834; found 1012.0335; calcd. for [M – bpy – Cl]+ 987.0139; found 987.0135; calcd. for 

[M – bpy – 2Cl]+ 950.0466; found 950.0451; calcd. for [M – bpy – 4Cl + 3CH3 + 2H]+ 927.1957; found 

927.1999; calcd. for [M – 3Cl – RhCp*]+ 833.1239; found 833.1220; calcd. for [M – 4Cl – RhCp*]+ 

798.1554; found 798.1531; calcd. for [M – 4HCl – bpy – RhCp* + 2CH3]+ 699.1205; found: 699.1572; 

calcd. for [M – 3Cl – bpy – RhCp*]+ 677.0548; found 677.0536. 

 

 

Synthesis of [(bpyP)2Ru(tpphz)Rh(Cp*)Br]Br3 (2) 

 

7 (28 mg, 14 µmol) was dissolved in dichloromethane and degassed with an argon-flow. To the solution 

TMSBr (46 µL, 350 µmol, 25 eq.) was added under argon and the mixture was stirred for 12 h at room 

temperature. After that time methanol was added and the mixture was further stirred for 6 h at room 

temperature. Diethyl ether was added, and the product was filtered off to yield a dark red powder 

(22 mg, 95 %, calculated for the bromide salt). 

1H NMR (400 MHz, CD3CN:D2O = 9:1, v:v) δ 10.14 (s, 2H), 9.98 (s, 2H), 9.44 (d, J = 4.7 Hz, 2H), 8.62 (s, 

4H), 8.40 (s, 4H), 8.03 (s, 2H), 7.78 (s, 2H), 7.65 (s, 2H), 7.38 (s, 2H), 7.23 (s, 2H), 3.36 (t, J = 26.3 Hz, 

4H), 1.85 (s, 15H). 

31P NMR (162 MHz, D2O) δ 17.99, 17.49. 
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Synthesis of [(bpyP)2Ru(tpphz)]Br2 (5) 

 

7.5 mg 6 (0.0044 mmol) were dissolved in 5 mL dry CH3CN under argon in a 25 mL one-necked round-

bottom flask. After addition of 100 µL freshly distilled TMSBr, the mixture was stirred for 16 h at room 

temperature. Then the mixture was heated to 40 °C for 0.5 h. Afterwards the reaction vessel was 

opened under air and 1 mL of a 1:1 (v:v) mixture of acetone:H2O was added to the solution leading to 

the gradual formation of a precipitate. Next, the mixture was stirred for 1 h at room temperature and 

then all volatiles were evaporated. The quantitative formation of 5 was determined by using 1H-NMR 

spectroscopy showing that all protecting ethyl ester groups were cleaved. 

1H NMR (400 MHz, d4-MeOD) δ 10.46 (dd, J = 8.3, 1.5 Hz, 2H), 10.13 (dd, J = 8.3, 1.2 Hz, 2H), 9.48 (dd, 

J = 5.0, 1.5 Hz, 2H), 8.71 (s, 2H), 8.68 (s, 2H), 8.51 (dd, J = 8.3, 5.0 Hz, 2H), 8.43 (dd, J = 5.3, 1.2 Hz, 2H), 

8.13 (dd, J = 8.2, 5.4 Hz, 2H), 7.88 (d, J = 6.1 Hz, 2H), 7.80 (d, J = 6.0 Hz, 2H), 7.57 – 7.51 (m, 2H), 7.36 – 

7.31 (m, 2H), 3.48 (d, J = 22.6 Hz, 4H), 3.37 (d, J = 22.4 Hz, 4H). 

 

Synthesis of [(bpyPEt)2Ru(tpphz)](PF6)2 (6) 

 

[(bpyPEt)2Ru(phenO2)](PF6]2 (50 mg, 33 µmol) was dissolved in 10 mL acetonitrile, acetic acid was added 

(2 mL) and the solution was degassed with argon. The mixture was heated to 80 °C and one equivalent 

of 1,10-phenantroline-5,6-diamin (7.0 mg, 33 µmol) was added. After 6 and 18 h two more equivalents 

of the diamine were added to the reaction mixture, respectively. After cooling to room temperature, 

the tpphz formed by self-condensation of the diamine was filtered off and the solvent was removed 

under reduced pressure. The crude oil was taken up in a minimum amount of methanol and upon 

addition of an aqueous solution of ammonium hexafluorophosphate the product could be filtered off. 

Further purification was done by size exclusion chromatography (Spehadex LH-20, methanol) to yield 

an orange-red powder (25 mg, 45 %). 

1H NMR (400 MHz, CD3CN) δ 10.14 (dd, J = 7.5, 2.7 Hz, 2H), 9.96 (d, J = 8.3 Hz, 2H), 9.45 (dt, J = 5.1, 

1.2 Hz, 2H), 8.55 (dt, J = 3.7, 1.8 Hz, 2H), 8.53 – 8.49 (m, 2H), 8.45 – 8.36 (m, 2H), 8.28 (dt, J = 5.4, 1.1 Hz, 

2H), 8.02 (ddd, J = 8.0, 5.4, 2.6 Hz, 2H), 7.77 (dd, J = 5.5, 2.5 Hz, 2H), 7.65 (d, J = 5.6 Hz, 2H), 7.48 – 7.41 

(m, 2H), 7.25 – 7.16 (m, 2H), 4.14 – 3.86 (m, 16H), 3.53 – 3.27 (m, 8H), 1.21 (td, J = 7.1, 1.8 Hz, 12H), 

1.14 – 1.04 (m, 12H). 

31P NMR (162 MHz, CD3CN) δ 22.91, 22.89. 

HRMS (MALDI-FT-ICR, CH3CN; [M] = C64H72F12N10O12P6Ru; M = 1688.23 g/mol): calcd. for [M – PF6]+ 

1543.2987; found: 1543.2971; calcd. for [M – PF6 – C2H5 + H]+ 1515.2673; found: 1515.2691; calcd. for 

[M – PF6 – 2C2H5]+ 1485.2203; found: 1485.3373; calcd. for [M – 2PF6]+ 1398.3345; found: 1398.3331; 

calcd. for [M – 2PF6 – C2H5]+ 1369.2953; found: 1369.2937; calcd. for [M – 2PF6]2+ 699.1673; found: 

699.1695. 
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Synthesis of [(bpyPEt)2Ru(tpphz)Rh(Cp*)Cl]Cl(PF6)2 (7) 

 

6 (25 mg, 15 µmol, 2 eq.) was dissolved in dichloromethane and [Rh(Cp*)Cl2]2 (4.6 mg, 7.5 µmol, 1 eq.) 

was added to the solution. The mixture was stirred for 6 h at room temperature, after that time diethyl 

ether was added and the product was filtered off to yield a dark red powder (28 mg, 95 %). 

1H NMR (400 MHz, CD3CN) δ 10.14 (dd, J = 7.4, 3.4 Hz, 2H), 9.97 (d, J = 8.5 Hz, 2H), 9.46 (d, J = 5.3 Hz, 

2H), 8.59 – 8.54 (m, 4H), 8.43 – 8.39 (m, 2H), 8.29 – 8.27 (m, 2H), 8.04 – 8.00 (m, 2H), 7.78 – 7.76 (m, 

2H), 7.65 (d, J = 6.9 Hz, 2H), 7.45 – 7.44 (m, 2H), 7.22 – 7.20 (m, 2H), 4.10 – 3.90 (m, 16H), 3.49 – 3.33 

(m, 8H), 1.82 (s, 15H), 1.22 – 1.19 (m, 12H), 1.13 – 1.06 (m, 12H). 

31P NMR (162 MHz, CD3CN) δ 22.82, 22.80. 

HRMS (MALDI-FT-ICR, CH3CN; [M] = C74H87Cl2F12N10O12P6RhRu; M = 1997.27 g/mol): calcd. for [M – Cl]+ 

1961.2545; found: 1961.2578; calcd. for [M – 2Cl + CN]+ 1952.2892; found: 1952.2901; calcd. for 

[M – 2Cl]+ 1926.2861; found: 1926.2839; calcd. for [M – PF6 – Cl]+ 1816.2903; found: 1816.2890; calcd. 

for [M – PF6 – 2Cl + CN]+ 1807.3250; found: 1807.3256; calcd. for [M – PF6 – Cl – C2H5]+ 1787.2511; 

found: 1787.2554; calcd. for [M – PF6 – 2Cl ]+ 1781.3219; found: 1781.3252; calcd. for 

[M – PF6 – 2Cl – C2H5]+ 1752.2827; found: 1752.2824; calcd. for [M – 2PF6 – HCl]+ 1670.3183; found: 

1670.3185; calcd. for [M – 2PF6 – 2Cl + CN]+ 1662.3608; found: 1662.3576; calcd. for 

[M – 2PF6 – Cl – C2H5]+ 1642.2870; found: 1642.2882; calcd. for [M – 2PF6 – Cl – HCl]+ 1635.3499; 

found: 1635.3543; calcd. for [M – 2PF6 – 2Cl – C2H5]+ 1607.3185; found: 1607.3176; calcd. for 

[M – PF6 – 2Cl – RhCp*]+ 1543.2987; found: 1543.2980; calcd. for [M – PF6 – 2Cl – RhCp* – C2H5 + H]+ 

1515.2673; found: 1515.2687; calcd. for [M – 2PF6 – Cl – HCl – RhCp*]+ 1397.3267; found: 1397.3280; 

calcd. for [M – 2PF6 – 2Cl – RhCp* – C2H5]+ 1369.2953; found: 1369.2939; calcd. for [M – PF6 – Cl]2+ 

908.1442; found: 908.1447. 
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6. Characterization of the Ru complexes (Figures S20-S37) 

 

Figure S20: 1H-NMR spectrum of 1 (c = 3.4 mM) in d4-MeOD. For better visualization of the peaks corresponding 

to 1, the solvent residual signals of d3-MeOD and H2O were removed from the spectrum. Signal assignment was 

based on H,H-COSY spectra (Figures S19-20) and previous literature reports.[11,12] 

 

 

Figure S21: 1H-NMR spectra of 1 in d4-MeOD (spectra 1-3 show a dilution series with c(1) = 3.4 (bottom), 1.7 

(center) and 1.0 mM (top), respectively). No signals were omitted by cutting the spectrum between 8.9 and 

9.4 ppm (see Figure S17). 
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Figure S22: H,H-COSY spectrum of 1 (c = 3.4 mM) in d4-MeOD covering the whole aromatic region (the signal 

numbering is based on the molecular structure of 1 depicted in Figure S17). 

 

 

Figure S23: H,H-COSY spectrum of 1 (c = 3.4 mM) in d4-MeOD covering the aromatic region in which the bpy 

based signals occur (the signal numbering is based on the molecular structure of 1 depicted in Figure S17). 
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Figure S24: 1H-NMR spectrum of 2 in CD3CN/D2O = 9:1 (v:v). 

 

 

Figure S25: 31P-NMR spectrum of 2 in D2O. 
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Figure S26: 1H-NMR spectrum of 5 in d4-MeOD. For better visualization the large H2O peak between 4.9 and 

5.1 ppm was removed (no other signals are detected in this area). The signals marked with an asterisk are 

assigned to residual DMF impurities. 

 

 

Figure S27: 1H-NMR spectrum of 6 in CD3CN. 
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Figure S28: 31P-NMR spectrum of 6 in CD3CN. 

 

 

Figure S29: 1H-NMR spectrum of 7 in CD3CN. 
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Figure S30: 31P-NMR spectrum of 7 in CD3CN. 

 

 

Figure S31: MALDI-TOF mass spectrum of 1. 
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Figure S32: Comparison of experimentally obtained mass spectrum (top) and simulated mass spectrum (bottom) 

of 1 depicting the fragments [M-2Cl]+, [M-3Cl]+ and [M-4Cl]+. 

 

 

Figure S33: MALDI-TOF mass spectrum of 6. 
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Figure S34: MALDI-TOF mass spectrum of 7 showing the m/z range from 1600 to 2000. 

 

 

Figure S35: MALDI mass spectrum of 7 showing the m/z range from 900 to 1600. 
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Figure S36: UV-vis absorption (panel A; solvent: H2O:DMSO = 9:1, v:v) and emission spectra (panel B; solvent: 

DMSO:H2O = 19:1, v:v) of 2 (black curves) and 5 (red curves). For the UV-vis spectra 10 µM of the complexes were 

used, for the emission spectra the concentration was set to 5 µM. Although 5 was much better soluble in water 

compared to DMSO, no higher water content could be used in order to not fully quench the emission of 5 due to 

the well-known light-switch effect.[13]  

 

 

 

Figure S37: UV-vis (panel A) and emission spectra (panel B) of 6 (red curves) and 7 (black curves) in DMSO 

(c = 5 µM). 
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ABSTRACT: Bi(benz)imidazoles (b(b)im) acting as N,N-chelates
in ruthenium complexes represent a unique class of ligands. They do
not harbor metal-to-ligand charge-transfer (MLCT) excited states in
ruthenium polypyridyl complexes upon visible-light excitation
provided that no substitution is introduced at the N atoms.
Hence, they can be used to steer light-driven electron-transfer
pathways in a desired direction. Nonetheless, the free N atoms are
susceptible to protonation and, hence, introduce highly pH-
dependent properties into the complexes. Previous results for
ruthenium complexes containing R2bbim ligands with alkylic or
arylic N,N′-substitution indicated that, although pH insensitivity was
accomplished, unexpected losses of spectator ligand features incurred simultaneously. Here, we report the synthesis and
photophysical characterization of a series of differently N,N′-alkylated b(b)im ligands along with their corresponding
[(tbbpy)2Ru(R2b(b)im)](PF6)2 complexes (tbbpy = 4,4′-tert-butyl-2,2′-bipyridine). The data reveal that elongation of a rigid
ethylene bridge by just one methylene group drastically increases the emission quantum yield, emission lifetime, and photostability
of the resultant complexes. Quantum-chemical calculations support these findings and allow us to rationalize the observed effects
based on the energetic positions of the respective excited states. We suggest that N,N′-propylene-protected 1H,1′H-2,2′-biimidazole
(prbim) is a suitable spectator ligand because it stabilizes sufficiently long-lived MLCT excited states exclusively localized at auxiliary
bipyridine ligands. This ligand represents, therefore, a vital building block for next-generation photochemical molecular devices in
artificial photosynthesis.

■ INTRODUCTION

Although photosynthetic plants typically do not exceed a year-
averaged solar-to-biomass conversion efficiency of 1%,1 many
basic principles in the context of solar fuel generation can be
learned from nature. Not only the overall design of the
complete functional protein framework itself encouraged
research in the field of artificial photosynthesis2,3 but also the
perfectly balanced initial electron transfer processes upon light
excitation,4 which allow plants to operate under up to 100%
quantum efficiency for the production of a stable initial charge-
separated photoproduct under optimized conditions.5 By
imitating the main functional properties of natural photosyn-
thesis on a molecular level, so-called supramolecular photo-
catalysts have been established within the past 14 years that
contain a photosensitive metal complex unit connected to a
metal-containing catalytic center via a bridging ligand.6−8

Similar to natural photosynthesis,9 also in various artificial
heteroleptic metal-complex-based systems a wavelength
dependence of the initial excited-state localization on specific
oligopyridine ligands has been reported.10−13 As, for example,
exemplified for the heterodinuclear hydrogen-evolving catalyst

[(tbbpy)2Ru(tpphz)PdCl2](PF6)2 (tbbpy = 4,4′-tert-butyl-2,2′-
bipyridine and tpphz = tetrapyridophenazine; Figure 1,
complex 1), localization of the electron density in the initially
populated excited state and subsequent relaxation path-
ways14−16 additionally determine the photocatalytic efficiency
of the system.17

Because contributions of higher excited states associated
with the tpphz bridging ligand lead to improved photon-to-
hydrogen conversion efficiencies, tbbpy-based excited states
seemed to offer additional loss channels, although their
relaxation in a tpphz-based sphere has been reported to
occur with a time constant of 0.8 ps.14,21,23 Recently,
computational studies addressing the photoinduced electron-
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transfer kinetics in [(tbbpy)2Ru(tpphz)PdCl2]
24 as well as in

structurally closely related photocatalysts25,26 showed that
efficient light-driven charging of the catalytic center can be
achieved by unidirectional population of the tpphz bridging
ligand but only at low photon energies. Therefore, the
incorporation of spectator ligands has been proposed to steer
the photoinduced electron-transfer cascade toward the
catalytically competent metal center and thus to improve the
overall catalytic activity of these and similar photocatalysts.27

In contrast to this design concept, recent studies showed that,
in heterobimetallic photocatalysts resorting on other bridging
ligands, the catalytic activity was increased upon enabling
initial electron transfer to the terminal ligands (Figure 1,
complex 2).22,28 The identification of nonreducible spectator
ligands might therefore lead to further insight into the basic

question of which parameters are of crucial importance to
generate highly efficient photoredox catalysts.
In this context, biimidazole (bim)27,29 and bibenzimidazole

(bbim)19,20,30 ligands constitute promising candidates for
spectator ligands in ruthenium polypyridine complexes because
of their high-lying lowest unoccupied molecular orbitals
(LUMOs). Although the excited-state localization on specific
ligands is not affected by the protonation state of the bbim
ligands, drastic effects on the absorption properties and
excited-state lifetimes were observed.30 Similarly, complexation
of other metal centers like palladium or copper to the
deprotonated bbim sphere induced profound changes in the
photophysical characteristics of the complexes.18 Full depro-
tonation of the bbim sphere leads to a complete loss of
emission and a 100 nm red shift (0.45 eV) of the metal-to-

Figure 1.Molecular structures of different heterodinuclear ruthenium−palladium (1) and ruthenium−platinum (2) complexes.18−22 Ligands in red
are harboring the long-lived 3MLCT state, and the tetranuclear ruthenium−palladium complex (3) shows no involvement of the bibenzimidazole
ligands in the MLCT excited state.20

Figure 2. Molecular structures of previously33 (left column) and herein (right column) investigated N,N′-protected bi(benz)imidazole ligands and
their corresponding ruthenium complexes.
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ligand charge-transfer (MLCT) absorption maximum.31

Hence, these factors limit their applicability in systems for
solar fuel generation, in which drastic pH changes might occur
during catalytic turnover, but allow bbim-containing metal
complexes to act as luminescent ion sensors.32 Consequently,
in order to keep the favorable property of nonreducibility and
to combine it with an insensitivity to pH, substitution of the
acidic N and N′ protons for alkyl and aryl groups was
attempted. However, the resulting [(tbbpy)2Ru(R2bbim)]-
(PF6)2 complexes entirely lacked the typical ruthenium
polypyridine-based emission. Instead, the initially excited
state was also localized on the protected R2bbim ligands; i.e.,
their favorable property of acting as spectator ligands is lost
upon protection with an ethylene or a phenylene group
(Figure 2).33

Following the hypothesis that these rigid protection groups
might impair optimal ligand interaction with the Ru core,33 we
expanded the series of N,N′-alkylated R2b(b)im ligands and
investigated the photophysical properties of the resulting
[(tbbpy)2Ru(R2b(b)im)](PF6)2 complexes in detail. The
experimental results of this study are corroborated by
quantum-chemical calculations and allow for delineation of
structure−property relationships, leading to the establishment
of molecular design criteria and enabling the development of
optimized future photoredox catalysts. In this paper, we show
that an optimized design of the protected bbim ligand enables
fine-tuning of both the 1MLCT and 3MLCT properties. The
presented results show that 1H,1′H-2,2′-biimidazole bearing a
N,N′-propylene bridge is an ideal innocent spectator ligand,
providing long-lived and photostable MLCT excited states
while at the same time not harboring the excess electron
density associated with formation of the MLCT states
themselves.

■ RESULTS AND DISCUSSION

Synthesis of the Ligands. To investigate the effect of
different alkyl protection patterns on the photophysics of the
corresponding bisheteroleptic [(tbbpy)2Ru(R2b(b)im)](PF6)2
complexes, six different N,N′-alkylated R2b(b)im ligands were
synthesized (Figure 2). The synthesis followed established
protocols34−39 and started from either 1H,1′H-2,2′-biimidazole
(bim), 1H,1′H-bibenzo[d]imidazole (bbim), or its respective
4,4′,5,5′-tetramethylated derivative (tmbbim). Full 1H and 13C
NMR spectroscopic characterization of the six ligands can be
found in Chapter 9 in the Supporting Information (SI). Except
for prtmbbim, all N,N′-alkylated ligands were very well soluble
in pure chlorinated organic solvents, from which they did
crystallize to yield crystals suitable for X-ray-diffraction-based
solid-state structure determination (Figure 3).
Structural Characterization of the Ligands. Table 1

summarizes the relevant structural parameters obtained from
crystal structure analysis: Variation of the bridge length does
not strongly alter the central C−C bond length but has a
profound impact on the N1−N3 and N2−N4 distances because
the alkyl protection group effectively modulates the associated
bond angles within the central bim core. As a result of the
smaller length of the ethylene bridge compared to the
propylene group, the N−C−C bond angle facing the alkylene
bridge (αbim1) is significantly reduced in the case of etbim and
etbbim compared to prbim and prbbim. This leads to a
decreased N1−N3 distance.
In contrast, the N−C−C bond angle αbim2 strongly increases

for the shorter alkylene bridge, leading to an elongated N2−N4

distance. These trends have also been observed for similar aryl-
substituted R2bbim compounds synthesized in the group of
Siegel.36,37

Upon the bridge is changed from ethylene to propylene, the
two (benz)imidazole spheres become planarized, as reflected
by a smaller dihedral angle δbim for prbim and prbbim
compared to etbim and etbbim.40,41 Because this trend was
not observed by others,36,37 adaption of these dihedral angles
to the direct molecular environment seems feasible.
Finally, also prbim and prbbim might not represent

strainless systems. For dmbbim, as well as for the nonmodified
bbim and free tmbbim, N−C−C bond angles have been
reported that are almost exactly between those of etbim and
etbbim and those of prbim and prbbim (see Table 1).42−44

Therefore, the ethylene group seems to bend the b(b)im
scaffold toward the alkyl bridge, whereas the propylene group
induces an inverse behavior.
We have recently shown that bbim ligands show significant

bending of the ligand scaffold toward the central metal upon
coordination,45−47 leading to metal-facing N−N distances of
263.8 (0.3) to 267.0 (0.4) pm in the case of (tbbpy)2Ru-based
complexes.46,47 Of the N,N′-alkylene bridges utilized, only the
propylene bridge induces a tilt of the ligand skeleton already
appropriate for coordination (Table 1). Hence, merely these
ligands may result in an efficient coordinative interaction with
the Ru core.

Synthesis of the Complexes. After structural character-
ization of the N,N′-alkylated ligands, they were utilized to
generate the bisheteroleptic [(tbbpy)2Ru(R2b(b)im)](PF6)2
complexes using a standard synthesis method by refluxing a
small excess of the ligand together with [(tbbpy)2RuCl2] in an
ethanol/water mixture. Surprisingly, only five of the desired
complexes were obtained. The reaction with etbim did not
yield the corresponding ruthenium complex, with the ligand
acting in a bidentate fashion. Similar results have been
obtained with a different ruthenium precursor, where binding
of etbim occurs in a monodentate fashion.29,48

Structural Characterization of the Complexes. i. NMR
and Mass Spectrometry (MS) Data. After purification, all
complexes were characterized by combined 1H, 13C, and 2D
NMR spectroscopy as well as MALDI-MS (see Chapters 9 and
10 in the SI). As for structurally analogous complexes, the 1H
NMR signal of the R2b(b)im proton pointing most strongly
toward the tbbpy sphere is shifted to relatively low parts per
million values (Figure S1).29,46,47,49

ii. Comparison of the Solid-State Structures of Ruprbim
and prbim and Literature-Known Ruthenium Complex
Derivatives. Contrary to the above-discussed rigid ethylene

Figure 3. Solid-state structures of five N,N′-alkylated ligands: etbim,
dmbbim, prbim, etbbim, and prbbim (from top left to bottom right).
The thermal ellipsoids are drawn at the 50% probability level, and H
atoms as well as cocrystallized solvent molecules were omitted for
clarity.
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protection groups,40,41 the propylene bridge may allow a
certain degree of distortion of the bim scaffold. In order to
verify this hypothesis, we analyzed an obtained single-crystal X-
ray diffraction structure of Ruprbim (Figure 4). It indeed

revealed slightly altered parameters of the complexed prbim
scaffold compared to the free ligand. Upon coordination, a
behavior similar to that for the structurally well-characterized
nonalkylated bbim-derived ruthenium complexes was ob-
served;47 i.e., an additional bending of the ligand toward the
metal sphere occurred, which indicates flexibility of the
propylene-bridged ligands. Consequently, an increased N1−

N3 distance and a decreased N2−N4 distance [262 (0.1) pm in
Ruprbim and 280.6 (0.4) pm in prbim] were observed for the
complexed prbim compared to the free ligand. These results
are in line with previously published reports on nonalkylated
[(tbbpy)2Ru(bbim)](PF6)2 complexes.47 Therefore, in addi-
tion to the already correct tilt of the b(b)im scaffold for
coordination due to the introduced propylene bridge, further
distortions to effect efficient metal−ligand interaction seem to
be possible using the flexible propylene-protected systems.

Compared to Ruprbim and the above-discussed non-
alkylated derivatives,47 the previously reported phenylene-
bridged R2bbim ligand in the corresponding (tbbpy)2Ru-based
complex revealed a much longer metal-facing N2−N4 distance
of 278.9 (0.7) pm.33 This possibly results from a rather short
N1−N3 distance of 282.9 (0.7) pm induced by the short C−C
distance of the bridging phenylene ring. As a consequence, to
adopt less efficiently to the Ru-offered coordination site, the
Ru−N distances in this complex are significantly elongated
(214−216 pm) with respect to the ruthenium complexes of the
nonalkylated derivatives (typically between 209 and 211 pm)
and the Ru−N distances of Ruprbim [208 (1) pm].33,47 These
properties, hence, point toward a high rigidity of the
phenylene-protected bbim ligand.

iii. Analysis of the Calculated Structural Data for All
Complexes. In order to correlate the obtained data for
Ruprbim with the other protected b(b)im ligand complexes,
detailed calculations at the density functional level of theory
(DFT) including solvent effects (CH3CN) have been
performed to generate sufficient structural data for all
complexes. In good agreement with the X-ray structures
obtained for the pure ligands and the crystal structure of
Ruprbim, DFT predicts for all complexes a distortion in the
vicinity of the central C−C single bond of the R2b(b)im
ligands (Table 2). This distortion originates from two
opposing effects: coordination and alkylation. The propylene-
and (di)methyl-substituted ligands (prbim, prbbim,
prtmbbim, and dmbbim) promote a bending of the b(b)im
scaffold toward the ruthenium, as is evident by the angles αbim2

ranging between 115° and 117°. Thus, propylene and
(di)methyl substitution stabilizes the Ru−R2b(b)im coordina-
tion. In contrast, Ruetbbim exhibits reverse bending of the
etbbim ligand (αbim2 = 122.0°) caused by the tension induced
by the shorter bridging ethylene group. This variation of the
ligand structure results in an elongation of the Ru−N bonds
from about 210 pm for Ruprbim, Ruprbbim, Ruprtmbbim,
and Rudmbbim to roughly 218 pm for Ruetbbim. Further
flexibility of the bbim scaffold is observed for Rudmbbim,
which features, in contrast to all other R2b(b)im ligands, a
slight nonplanar distortion (φ = 11°). The combined evidence
of NMR, single-crystal X-ray diffraction, and DFT-based
structural investigations draws the coherent picture that the

Table 1. Selected Atom Distances, Bond Lengths, Bond Angles, and Dihedral Angles of the N,N′-Alkylene-Bridged R2b(b)im
Ligands (Standard Deviations in Parentheses)a

ligand rN1−N3/pm rC−C/pm rN2−N4/pm αbim1/deg αbim2/deg δbim/deg

etbim 273.5 (0.1) 145.1 (0.2) 316.0 (0.1) 117.6 (0.1) 130.0 (0.1) 12.4 (0.2)

prbim 314.1 (0.4) 145.4 (0.5) 280.6 (0.4) 128.9 (0.3) 119.7 (0.3) 4.7 (0.4)

etbbim 272.4 (0.3) 145.4 (0.4) 310.2 (0.4) 117.4 (0.2) 128.7 (0.3) 7.9 (0.5)

prbbim 312.2 (0.2) 146.2 (0.2) 278.2 (0.2) 127.1 (0.1) 119.8 (0.1) 3.3 (0.2)a

aBecause of the lack of crystallographic data or a different molecular symmetry, prtmbbim and dmbbim are not covered in this table.

Figure 4. Left: Solid-state structure of Ruprbim (thermal ellipsoids
are drawn at the 50% probability level; H atoms, PF6

− counterions,
and cocrystallized solvent molecules were omitted for clarity). Right:
Comparison of prbim bound to the Ru core (colored) and free prbim
(gray faded) indicating slight bending of the ligand scaffold toward
the metal center upon coordination.
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nature of the alkyl-based N,N′ protection of the b(b)im ligand
scaffold has important consequences for their ability to act as a
ligand to Ru2+ ions.
To evaluate whether the structural changes upon variation of

the N,N′-alkylation pattern affect the visible-light absorption
properties and the properties of the usually long-lived emissive
3MLCT states, the photophysical properties of the ligands and
corresponding ruthenium complexes were studied by steady-
state absorption and emission spectroscopy.
Absorption Properties of the Complexes. As a result of

the larger π system of the bbim-derived pure ligands, their
absorption and emission spectra are bathochromically shifted
with respect to the smaller R2bim systems (etbim and prbim;
Figure S2). Furthermore, the R2bbim ligands etbbim, prbbim,
and prtmbbim exhibit vibrationally resolved absorption
features in CHCl3, whereas dmbbim shows an unstructured
absorption band like the R2bim ligands due to free rotation of
the bbim moieties around the central C−C axis.50 However,
for all R2bbim ligands, including dmbbim, vibrationally
resolved emission bands were observed ( EΔ = 0.17 eV),
which most likely stems from the planar configuration of the
ligands (Figure S2).50

Upon complexation, the resulting ruthenium complexes
reveal a new absorption feature between 370 and 520 nm (see
Figure 5). In contrast to the free ligands, the [(tbbpy)2Ru-
(R2bbim)](PF6)2 complexes exhibit all structured and strong
absorption band between 300 and 370 nm. Interestingly, the
rather broad absorbance of free dmbbim (Figure S2) is
changed upon coordination, now displaying two sharp bands
between 340 and 360 nm in Rudmbbim (Figure 5E). This is
assigned to the chelating binding mode that directs the
coordinatively available N atoms in a rigid, metal-interlocked,
syn position.50 In contrast, this spectral region remains
featureless upon complexation of prbim (Figure 5C).
In contrast to the non-N,N′-alkylated complex [(tbbpy)2Ru-

(bbim)](PF6)2, the addition of a base does not change the
absorption spectra of the ruthenium complexes depicted in
Figure 5 (Figure S3). Also for similar non-N-alkylated N−H
acidic ruthenium complexes bearing unsymmetric quinoline−
pyrazole ligands, bathochromic shifts of the absorption
maximum upon the addition of a base have been reported.51

This clearly indicates the pH insensitivity of these
[(tbbpy)2Ru(R2b(b)im)](PF6)2 complexes due to the sub-

Table 2. Selected Structural Parameters within the Fully Relaxed Singlet Ground-State Structure of the Five Ruthenium
Complexes Obtained at the DFT (B3LYP/def2-svp) including D3BJ Dispersion Correction and Solvent Effects (CH3CN) by a
Polarizable Continuum Modela

complex rbpy,ax/pm rbpy,eq/pm rbim/pm αbpy/deg αbim1/deg αbim2/deg αbim3/deg δbim/deg

Ruprbim 206.7 205.7 210.7 78.8 126.0 117.3 78.4 −1

Ruprbimex 204.3 (0.9) 201 (1) 210 (1) 78.5 (0.4) 132 (1) 118 (1) 78.5 (0.4) −2 (2)

Ruprbbim 206.7 205.7 210.6 78.8 127.3 116.6 77.5 −1

Ruprtmbbim 206.5 205.6 210.6 78.8 127.0 116.6 77.5 −1

Ruetbbim 206.7 204.4 217.5 79.1 118.8 122.0 80.4 −2

Rudmbbim 207.0 206.0 209.5 78.6 129.1 115.0 76.8 11
aThe subscript “ex” stands for the experimentally determined values of Ruprbim; standard deviations are given in parentheses.

Figure 5. Experimental and simulated (black lines) absorption spectra
of Ruprtmbbim (A), Ruprbbim (B), Ruprbim (C), Ruetbbim (D),
and Rudmbbim (E) in CH3CN. The electronic character of
excitations contributing to the absorption in the visible region is
indicated by charge-density differences; charge transfer takes place
from red to blue.
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stitution of acidic N−H protons by the introduced alkylene
groups.31,52

Time-dependent DFT (TD-DFT) simulations were per-
formed to assign the observed absorption features in the range
between 300 and 520 nm of Ruprbim, Rudmbbim, Ruetbbim,
Ruprbbim, and Ruprtmbbim within the Franck−Condon
region. Time-dependent B3LYP predicts for all investigated
ruthenium complexes two dominant 1MLCT states mainly
localized on the tbbpy sphere as visible absorption maxima
(Figure 5 and Tables S1 and S2). According to the
computational results, the weak red-sided absorption features
(longer than 460 nm) can be assigned to excitation into weakly
absorbing MLCT states with contributions of both ligand
spheres: MLCTbbim, MLCTtbbpy/bbim, and MLCTtbbpy. In
contrast, the excitation energies of MLCT states involving
contributions of the N,N′-alkylated ligand are considerable
lowered upon an increase of the π system from the bim to
bbim scaffold: for Ruprbim, the first MLCTbim contribution is
predicted in the UV region at around 360 nm (S10). This is in
agreement with the experimental results obtained from the
homoleptic ruthenium complexes [Ru(bim)3](PF6)2 and
[Ru(prbim)3](PF6)2, which show unusually blue-shifted
MLCT maxima shorter or slightly longer than 400 nm.29,53

In agreement with the experimental data, the quantum-
chemical simulations predict intraligand (IL) states localized
on the R2bbim ligands for the [(tbbpy)2Ru(R2bbim)](PF6)2
complexes between 300 and 350 nm.33 In the case of
Ruprbim, such IL states are predicted at lower wavelengths
because of the smaller π system, i.e., between 270 and 280 nm
(Figure S2). Moreover, strong ligand-to-ligand charge-transfer
excitations contribute to the absorption of all [(tbbpy)2Ru-
(R2b(b)im)](PF6)2 complexes in the UV.
In summary, quantum-chemical calculations suggest that

only Ruprbim shows 1MLCT formation upon absorption of
visible light without involving the LUMO localized on the
biimidazole ligand framework (Figure 5C).
Experimental Localization of the Franck−Condon

Region. To investigate the localization of the initially
populated excited states within the ligand sphere, resonance
Raman (rR) spectra were recorded at a set of three different
excitation wavelengths, namely, 458, 476, and 488 nm.54 In
addition, rR spectra were simulated by considering contribu-
tions of the low-lying MLCT states S1−S8 in the corresponding
energy range.
Independent of the excitation wavelength, the rR spectra of

the [(tbbpy)2Ru(R2b(b)im)](PF6)2 complexes are dominated
by intense vibrational modes localized at 1615, 1535, 1480,
1315, and 1030 cm−1, while only R2bbim and not the prbim-
containing complexes shows minor intense modes at around
1605, 1280, 1265, and 1249 cm−1, additionally (Figure 6). In
agreement with the rR spectra of the homoleptic reference
complex [Ru(tbbpy)3](PF6)2, excited at 458 nm, the strong
vibrational modes are assigned to the vibrational modes on the
tbbpy sphere. The corresponding calculated wavenumbers of
ca. 1618, 1548, 1481, 1308, and 1026 cm−1 are in excellent
agreement with the experimental results. In accordance with
the experimental data, the calculations predict exclusively
tbbpy modes to contribute to the rR spectrum of Ruprbim due
to the higher-lying MLCTbim with respect to the MLCTbbim

states (Figure 5).
Thus, the minor rR features are assigned to the contribution

of bbim associated modes, which is further supported by
calculated wavenumbers at 1602, 1287, 1268, and 1265 cm−1

(Tables S3−S7 and Figure S4). In the case of Ruetbbim, an
intense characteristic bbim mode (213) is predicted at about
1685 cm−1, which is experimentally obtained at 1683 cm−1.
Because the experimentally recorded bands longer than 1600
cm−1 (excitation at 458 nm) are modulated on the blue side of
the fluorescence band, those intensities are not comparable.

Electrochemical Characterization of the Complexes.
b(b)im ligands are known to influence the electrochemical
properties of metal complexes significantly; i.e., relatively low
oxidation potentials of, e.g., RuII/RuIII33,53,55,56 or OsII/
OsIII57−59 redox pairs were found. In order to verify this
general trend and to delineate the effect of the N,N′-alkylation
pattern on the electrochemical properties of the ruthenium
complexes, cyclic voltammetry was measured in degassed
CH3CN containing 0.1 M nBu4NPF6 as the conducting salt.
Pleasingly, except for the third reduction of Ruprbim and the
fourth reduction of Rudmbbim, all potentials were considered
to behave reversibly (Figure S5), as reported for structurally
similar complexes.33 For the different [(tbbpy)2Ru(R2b(b)-
im)]2+ complexes, peak separation potentials between 66 and
86 mV were observed, which were close to the 76 mV obtained
for the Fc+/Fc reference couple using our setup (Table S8).
The first oxidation, which can be ascribed to oxidation of the

central metal, occurs at less positive potentials in the
heteroleptic complexes compared to [Ru(tbbpy)3](PF6)2
(Table 3). This indicates that the introduction of N,N′-
alkylated R2b(b)im ligands results in an increased electron
density at the Ru center.27 In agreement with the literature, the
effect is strongest for prbim.52 While a comparison of
Ruprbbim and Ruprtmbbim highlights the influence of the
four methyl groups on the easier oxidation of the Ru center,
contraction from the propylene (Ruprbbim) to ethylene
(Ruetbbim) bridge leads to a metal-based oxidation at higher
potentials, reflecting the less efficient metal−ligand interaction
and therefore a less pronounced electron density shift toward
the Ru core.
The first two ligand-based reductions (E1/2

red1 and E1/2
red2)

occur at more negative potentials for the heteroleptic
complexes compared to the homoleptic reference compound.

Figure 6. Comparison of the experimental (colored lines) and
calculated rR spectra (gray line) of Rudmbbim (A), Ruetbbim (B),
Ruprbim (C), Ruprbbim (D), and Ruprtmbbim (E) recorded in
CH2Cl2 at an excitation wavelength of 458 nm and overlay of the
experimental rR spectra of the five ruthenium complexes at 458 nm
excitation (F).
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This can be explained by an overall increased electron density
in the heteroleptic complexes resulting from the N,N′-alkylated
R2b(b)im ligand-induced electron density increase at the metal
center and a concomitant electron-density redistribution onto
the tbbpy ligands. However, no particular trend was found for
the difference between the first oxidation and first reduction
potentials because these vary only slightly between 2.43 and
2.48 V for the different [(tbbpy)2Ru(R2b(b)im)]2+ complexes.
Also, no clear correlation between the optical and electro-
chemical properties was found (Figure S6).60

As for the third reduction, merely Ruprbim displays a very
negative potential, the prbim ligand seems to be much harder
to reduce compared to the R2bbim ligands. Hence, the
electrochemistry of ruthenium complexes is in complete
agreement with the quantum-chemical simulations and the
results of rR spectroscopy (Figures S7 and 6): The prbim-
localized MLCT state was found at much higher energy
compared to the MLCT state residing on the tbbpy ligands
(Table S1). Therefore, prbim did not participate in the
formation of the initially populated excited state using
excitation wavelengths longer than 450 nm (Figure 6). In
contrast, the N,N′-alkylated R2bbim-containing complexes
exhibit three reduction processes that resemble [Ru(tbbpy)3]-
(PF6)2 much more.33 This is in line with the absence of a
wavelength-selective MLCT state localization.
Characterization of the Luminescence Properties.

The emission properties of the [(tbbpy)2Ru(R2b(b)im)]-
(PF6)2 complexes were investigated by steady-state and time-
resolved experiments in CH3CN. Quantum yields and
emission lifetimes were obtained (as specified in the
experimental section), and the results are summarized in
Figure 7.
As for the pure ligands, the visible absorption and emission

energies as well as the phosphorescence lifetimes (τ) and
quantum yields (Φ) follow the order Ruprtmbbim >
Ruprbbim > Ruprbim > Ruetbbim ≈ Rudmbbim. Thus,
elongation of the alkylene bridging unit causes a decrease of
the absorption and emission energies but an increase of the
phosphorescence efficiencies and lifetimes by up to two orders
of magnitude. Besides the energy differences between the
ground and excited states inter alia, the energy-gap law
determines the phosphorescence lifetime. The energy-gap law
states that the nonradiative decay rates exponentially increase
as the energy gap or emission energy decreases.62−64 However,
the optical gaps (absorbance/emission) and highest occupied
molecular orbital (HOMO)−LUMO gaps of the investigated

complexes do not obey this law because the nonradiative decay
rates increase with increasing energy gap (Figure 7). This
clearly demonstrates the impact of thermally accessible
deactivation pathways most likely via metal-centered (MC)
states. According to the nonradiative decay rates, it can be
assumed that such MC states are more accessible with a
decreasing alkylene bridging unit (Figure 7). This can be
related to a decreased d-orbital splitting induced by the rigid
protection groups (e.g., ethylene), which impair optimal
metal−ligand interactions. This is consistent with the findings
on previously reported ethylene- and phenylene-bridged
ruthenium complexes.33

Photoinduced Dynamics of the Complexes. Because
the structural and electronic properties within the Franck−
Condon region pronouncedly depend on the nature of N,N′-
alkylation, we aimed to further understand the influence of the

Table 3. Electrochemical Potentials of the Five New
Ruthenium Complexes Compared to [Ru(tbbpy)3](PF6)2
Used as a Homoleptic Reference Compound (the
Electrochemical Properties of the Latter Fit to Previously
Published Results)61a

complex E1/2
ox E1/2

red1 E1/2
red2 E1/2

red3 E1/2
red4

[Ru(tbbpy)3](PF6)2 0.73 −1.80 −2.01 −2.28

Ruprbim 0.54 −1.94 −2.17 −2.82

Ruprbbim 0.60 −1.88 −2.07 −2.30

Ruprtmbbim 0.56 −1.89 −2.11 −2.38

Ruetbbim 0.66 −1.88 −2.06 −2.28 −2.52

Rudmbbim 0.60 −1.85 −2.03 −2.29 −2.74
aMeasurements were performed in degassed CH3CN using nBu4NPF6
(0.1 M) as the conducting salt at a scan rate of 100 mV/s. All
potentials are given in volts and are referenced versus Fc+/Fc.

Figure 7. Left: Comparison between normalized UV−vis spectra
(solid line) and the corresponding normalized excitation spectra
(dotted line; recorded at maximum emission intensity) of
Ruprtmbbim (blue, A), Ruprbbim (dark red, B), Ruprbim (red,
C), Ruetbbim (yellow, D), and Rudmbbim (green, E) and emission
spectra of those five ruthenium complexes, which were recorded upon
excitation in the MLCT maximum. The corresponding excitation
wavelengths and obtained emission maxima, lifetimes, and quantum
yields as well as the nonradiative decay rate are highlighted in the
graphs (for details, see Chapter 4 in the SI). All spectra were recorded
in degassed CH3CN under an atmosphere of argon (c = 10 μM).
Right: (i) Relationship between ln(knr) and the energy differences
obtained from the electrochemical data (triangles, HOMO−LUMO
gap), visible absorption (squares), and emission maxima (circles).
Lines are included as guides to the eye. (ii) Jablonski diagram for the
formation of emissive (long-lived) 3MLCT versus 3MC states upon
photoexcitation.
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N,N′-alkylation pattern of the b(b)im ligands on the
photoinduced dynamics. Hence, the excited-state dynamics
of the complexes upon excitation at 403 nm were monitored
by femtosecond and nanosecond transient absorption (TA)
spectroscopy and complemented by TD-DFT simulations. In
addition, the spin-allowed triplet−triplet excitations were
investigated within the equilibrium structures of the (excited)
triplet MLCT states of interest. Depending on the R2b(b)im
coordination sphere, the 403 nm pump pulse populates either
a MLCTtbbpy (Ruprbim) or a mixed MLCTtbbpy/bbim

(Ruetbbim, Ruprbbim, and Ruprtmbbim) excited state. In
the following, we focus on the photoinduced dynamics of
Ruprbim, Ruprbbim, and Ruprtmbbim (Figure 8). In the
case of Ruetbbim, the TA signal decays rapidly (within ca.
200 ps) to zero (Figure S34).

Upon excitation at 403 nm, the TA signals of Ruprbim,
Ruprbbim, and Ruprtmbbim reveal instantaneous (temporal
resolution of 0.3 ps) ground-state bleach (GSB), reflecting the
formally oxidized Ru center and excess charge density localized
on either the tbbpy sphere (Ruprbim) or both the R2bbim
and tbbpy ligands (Ruprbbim and Ruprtmbbim). The GSB is
accompanied by strong excited-state absorption (ESA) peaking
at 370 nm and broad, structured ESA longer than 500 nm.
When a global fit is employed, the decay of the femtosecond
and nanosecond TA signals of Ruprbim are characterized by
two characteristic time components, namely, τ1 = 18 ps and
τem = 48 ns, while global analysis yields three characteristic
time constants in the case of Ruprbbim (τ1 = 7.0 ps, τ2 = 2.5
ns, and τem = 93 ns) and Ruprtmbbim (τ1 = 2.0 ps, τ2 = 0.5 ns,
and τem = 104 ns).
The spectral changes of Ruprbim associated with the first

time constant, τ1 = 18 ps, characterize a long-lived 3MLCTbpy

state with excess charge density localized on the tbbpy sphere.
Thus, the kinetic component indicates contributions from
intersystem crossing (ISC) and vibrational cooling.19,65−68

This is manifested in the rise of ESA centered at 370 nm and
between 550 and 750 nm, which are typically assigned to ππ*

transitions on the reduced bpy-ligand (ILbpy) and excited
singlet and triplet transitions of LMCTtbbpy character.

69−71 The
long-lived 3MLCTbpy state, in turn, decays monoexponentially
with a lifetime of 48 ns.
For Ruprbbim and Ruprtmbbim, the spectral changes

associated with τ1 = 7.0 and 2.0 ps contain contributions of
ISC, vibrational cooling, and interligand hopping from the
3MLCTbbim to 3MLCTbpy sphere. The latter process is
manifested in the decay of ESA centered at around 550 nm,
accompanied by the buildup of a signal at around 370 nm.
Because the ESA centered at around 550 nm is exclusively
obtained for the [(tbbpy)2Ru(R2bbim)]2+ complexes, it can be
attributed to a 3MLCTbbim state with excess charge density
localized on the R2bbim ligand, which is supported by TD-
DFT simulations on the 3MLCTbbim state (see Chapter 4 in
the SI). Thus, the LMCTbbim transitions appear blue-shifted
compared to the LMCTtbbpy states, which is reasonable
because the R2bbim ligands show more positive reduction
potentials than the tbbpy and bim ligands. The kinetic
component τ2 is assigned to relaxation of the 3MLCTbbim state
in the case of Ruprbbim (τ2 = 2.5 ns) and nonradiative decay
in the 3MLCTbpy sphere for Ruprtmbbim (τ2 = 0.5 ns),
yielding for both compounds a long-lived 3MLCTbpy state
(Figure S32). This is manifested in the overall decay of the TA
signal, while the species-associated spectra of Ruprbbim shows
a higher amplitude in the region of the bbim-centered ESA
between 530 and 560 nm with respect to Ruprtmbbim (cf. the
second species in parts A and B of Figure 9). TD-DFT
simulations further support that both complexes undergo
competitive relaxation pathways along both ligand spheres via
the 3MLCTbbim and 3MLCTbpy states (cf. Figure 8). In the case
of Ruprbbim, MLCTbbim relaxation is slightly favored (by
0.03 eV), whereas relaxation of Ruprtmbbim via the bpy
sphere is preferred (by 0.08 eV). Consequently, the ESA
maximum of Ruprtmbbim is localized at a similar wavelength
compared to Ruprbim, which exclusively relaxes via the
3MLCTtbbpy sphere.
The TA data underline the impact of the different b(b)im

ligands on the ultrafast intramolecular charge-transfer dynam-
ics. Depending on the nature of the R2b(b)im ligand and the
N,N′-alkylation pattern, the 3MLCTbbim and 3MC states are

Figure 8. Left: TA- and decay-associated spectra of Ruprbim (A1),
Ruprbbim (A2), and Ruprtmbbim (A3) in CH3CN upon photo-
excitation at 403 nm (0.4 mW, optical density at λexc ≈ 0.3). Right:
Energy levels of 1MLCT singlet states (in black) involved in the initial
absorption as well as of 3MLCTbim and 3MLCTbpy triplet states
(orange and violet, respectively) involved in the subsequent excited-
state relaxation cascades as obtained by TD-DFT. The relative
energies are shown within the Franck−Condon region (S0) and
within both fully optimized 3MLCT states.
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accessible in the relaxation pathway of the photoexcited
complexes: A high electron density in the R2b(b)im ligand
sphere [higher reduction potential than the tbbpy ligands:
Ered(b(b)im) > Ered(tbbpy)] leads to a preferential relaxation
within the tbbpy sphere, whereas weaker donor ligands
[Ered(b(b)im) < Ered(tbbpy)] show relaxation via the
3MLCTb(b)im manifold. Additionally, rigid b(b)im ligand
structures yield highly accessible 3MC states, which cause a
rapid decay of the photoexcited complexes. Thus, the
investigated complexes provide a toolbox for the design of
optimized photosensitizers with directional electron-transfer
pathways originating from the excited states.
Photostability of the Complexes. Besides optimized

optical properties, a high photostability of the ruthenium-based
photosensitizers is essential for their potential use in
chromophore−catalyst assemblies. Such photostability is
accessed by, e.g., in situ UV−vis absorption spectroscopy of
the complexes in CH3CN under irradiation at 463 nm (Figure
10). The extinction-coefficient-weighted rate of decrease of the
MLCT absorption maximum (detailed spectra are depicted in
Figure S8) qualitatively reflects the photostability of the
corresponding ruthenium complexes.72 This rate of decom-
position differs strongly among the complexes. Whereas
Ruprtmbbim and Ruprbim display higher photostability
than the two homolept ic re ference compounds
[Ru(bpy)3](PF6)2 and [Ru(tbbpy)3](PF6)2, Ruprbbim exhib-
its comparable photostability.
In contrast, Ruetbbim and Rudmbbim are extremely

photolabile in CH3CN, reaching a constant absorbance at
the former MLCT maximum after only 200 s of irradiation
(Figure S9). Hence, not only the emission quantum yield and
excited-state lifetime but also the photostability of the

corresponding ruthenium complex is strongly increased if the
ethylene group of Ruetbbim is elongated by only one CH2−

group, yielding Ruprbbim, which is no longer suffering from
low-lying MC states that provoke ligand dissociation (Figure
7).73 As a result of the high photolability, the synthesis and
purification of Ruetbbim and Rudmbbim had to be performed
in the dark to obtain a pure product. Furthermore, from UV−
vis spectroscopic data, it is inferred that the photostability of
Ruetbbim and Rudmbbim increases strongly if the solvent is
changed from CH3CN to CH2Cl2 (Figures S10 and S11)
because CH3CN acts as a much better ligand and thereby
increases the efficiency for ligand substitution.
Although these large differences of the photolability among

the various ruthenium complexes indicated that the fast ligand
loss in the case of Ruetbbim and Rudmbbim correlates with
the presence of the N,N′-alkylated R2bbim ligands, 1H NMR
spectroscopic investigations were performed to verify the
nature of the dissociated ligand as this cannot be
unambiguously predicted.49 Indeed, by a comparison of the
spectra of the photolyzed Ruetbbim and Rudmbbim with the
corresponding free ligands, selective cleavage of etbbim and
dmbbim accompanied by the formation of a C2-symmetric
ruthenium complex, putatively [(tbbpy)2Ru(CD3CN)2]

2+, was
observed (Figures 10C,D and S12−S16; see also the UV−vis
absorption spectrum of independently synthesized
[(tbbpy)2Ru(CH3CN)2]

2+ in Figure S17).49,74 Additionally,
from the CD3CN solution of photolyzed Rudmbbim, colorless
crystals of the N,N′-alkylated ligand could be isolated, proving
that dmbbim is selectively lost upon irradiation. The structural
parameters of these photochemically obtained dmbbim
crystals (Figure S18) did not differ within the error of the
experiment compared to the data presented above (Figure 2

Figure 9. Species-associated spectra of Ruprtmbbim (A and D),
Ruprbbim (B and E), and Ruprbim (C and F) in CH3CN and
Jablonski diagrams of the proposed relaxation models.

Figure 10. (A and B) UV−vis spectroscopic assessment of the
photostability of the newly synthesized ruthenium complexes (filled
circles) and the homoleptic reference compounds (empty circles and
squares), measured in CH3CN (c = 10 μM) under air (irradiation
with one blue-light-emitting diode stick from the bottom of the
10 mm × 10 mm quartz cuvette; 45 mW/cm2 and λmax = 463 nm). 1H
NMR spectroscopic analysis of the selective ligand loss of Ruetbbim
(C) and Rudmbbim (D) in CD3CN (c = 3 mM). From bottom to
top, (i) an intact complex prior to irradiation, (ii) a product mixture
of the completely photolyzed ruthenium complex, and (iii)
independently measured pure etbbim (C) or dmbbim (D) are
displayed. The expanded spectra highlight the regions in which the
peaks of the pure ligands appear.
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and text therein), where crystals of dmbbim were obtained by
slow evaporation of CHCl3 from the solution. Moreover, by a
change of the NMR solvent from CD3CN to CD2Cl2, the rate
of photoinduced ligand loss becomes strongly reduced
(Figures S19 and S20), which shows that the qualitative
judgment of decreasing the MLCT absorbance in pure
CH3CN truly can be interpreted as decomposition of the
corresponding ruthenium complex by the loss of one chelating
ligand.
Further insight into the photodecomposition process was

obtained by analyzing the irradiation-induced UV−vis
spectroscopic changes in the presence of 1 mM tetra-n-
butylammonium chloride or the corresponding hydroxide salt
(TBACl or TBAOH) using CH3CN as the solvent. Compared
to the pure CH3CN solutions discussed above, the presence of
Cl− ions led to the evolution of a new band at ca. 550 nm,
which was assigned to the formation of [(tbbpy)2RuCl2] by
comparison with the UV−vis absorption spectrum of
independently synthesized [(tbbpy)2RuCl2] (Figure S21). In
agreement with reports by Meyer and co-workers,75,76 for the
labile complexes Ruetbbim and Rudmbbim, a two-step
process was observed, whereas for the more photostable
Ruprbim, Ruprbbim, Ruprtmbbim, and [Ru(tbbpy)3](PF6)2,
isosbestic points were found. The efficient Ru−N bond
cleavage in Ruetbbim and Rudmbbim, hence, produces a
detectable amount of an intermediate species,75 presumably
bearing a monodentate R2bbim and one chloride ligand.76

Similar effects were observed under basic conditions using
TBAOH as the additive (Figure S22). However, compared to
the presence of Cl− ions, excess OH− ions led to faster
photodegradation of all ruthenium complexes (Figure S23). In
contrast to these N,N′-alkylated [(tbbpy)2Ru(R2b(b)im)]
complexes, only marginal UV−vis spectroscopic changes
were observed for unmodified [(tbbpy)2Ru(bbim)](PF6)2
under basic conditions (Figure S24).
Summary. The combination of all obtained data sets draws

a conclusive picture (Figure 11). First, spectator ligand features

of the pH-insensitive N,N′-alkylated R2b(b)im ligands can
only be obtained if the size of the π system is decreased from
the bbim to bim scaffold, as previously predicted by theoretical
studies.27 Second, when the N,N′-alkylation pattern is altered
using the bim framework, merely the synthetic accessibility of
the corresponding ruthenium complexes (etbim vs prbim) is
observed; for the bbim-based systems, their excited-state
properties, including photostabilities but not the initial
localization of the excited states on specific ligands, can be
tuned by varying the investigated N,N′-alkylation patterns. For
Ruetbbim and Rudmbbim, drastically lower emission
quantum yields, excited-state lifetimes, and photostabilities
compared to those of their propylene-bridged counterparts are
observed. On the basis of quantum-chemical simulations, these
properties might be explained by relatively easily accessible
MC states; elucidating the MC relaxation pathways within the
excited states will be the focus of future computational studies.
The detailed investigations of all synthesized R2b(b)im-

based ligands and their corresponding ruthenium complexes,
hence, clearly identify prbim as the sole spectator ligand
stabilizing sufficiently long-lived 3MLCT excited states located
on a bipyridine ligand while at the same time not being
involved in the formation of the π*-based 1MLCT state. As
expected, all N,N′-protected ruthenium complexes display
insensitivity toward the solvent pH in their UV−vis properties,
which is a key requirement for their application in light-driven
catalysis utilizing basic electron donors such as triethanol-
amine.

■ CONCLUSION

In conclusion, a series of N,N′-alkylated R2b(b)im ligands and
their corresponding bisheteroleptic (tbbpy)2Ru-based com-
plexes were synthesized and thoroughly characterized with
respect to their structural and electronic properties. The
photophysical properties as well as photostability of the
obtained [(tbbpy)2Ru(R2b(b)im)](PF6)2 complexes can be
tuned by minor alterations in the N,N′-alkylation pattern of the
different R2b(b)im ligands such as elongation of a bridging
ethylene group by only one CH2 unit. The more flexible
propylene bridges result in improved metal−ligand inter-
actions, giving rise to higher excited-state lifetimes and higher
photostability.
Beyond rationalizing previous findings on rigid phenylene-

and ethylene-bridged bbim ligands,33 we show that only prbim
fulfills all of the requirements for implementation of the
designed construction of photosensitizer units in light-driven
photocatalysis, where light-induced electron-transfer reactions
proceed through the bridging ligand. For all larger R2bbim-
based ruthenium complexes, participation of the N,N′-
alkylated ligand in the formation of the initially excited state
was observed. Having this important information in hand, the
synthesis and characterization of an intramolecular model
system for artificial photosynthesis with a selective light-
induced electron-transfer reaction pathway involving only one
feasible route will be possible by replacing the commonly used
(tbbpy)2Ru building block.77−80 Such a degree of control over
excited-state dynamics might place our ability to control
electron-transfer pathways on par with the highly optimized
molecular architectures in biological photosynthesis81 or other
well-investigated diads and triads.82−85

The 1H NMR spectroscopic investigations of photolysis
experiments yielded important insights into the selective light-
induced dissociation of these new ligands from the Ru core.

Figure 11. Graphical classification of [(tbbpy)2Ru((R2)b(b)im)]
complexes resulting from the presence or alterations in the N,N′-
alkylation pattern and the reduced size of the π system.
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This observation is of significance not just for artificial
photosynthesis because it would allow the light-driven
formation of coordinatively highly reactive ruthenium com-
plexes with predictable structures. This could offer the
opportunity to use structurally similar compounds in medical
applications such as cancer treatment, exploiting this efficient
phototriggered and very selective R2bbim ligand loss.86
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1. General Information 

All reactions were performed under air if not otherwise stated. All solvents utilized for synthetic 

purposes were of technical grade and were redistilled prior to use. Silica gel for column 

chromatography was obtained from Roth (0.04-0.063 mm). Size exclusion chromatography was 

performed on a Sephadex (LH-20) column using the CAM-solvent-mixture (32 v% CHCl3, 38 v% acetone, 

30 v% methanol) as mobile phase. 1,3-Dibromopropane was obtained from TCI and 1,2-

dibromoethane was obtained from Merck. 1H,1'H-2,2'-biimidazole1, 1H,1´H-2,2´-

bibenzo[d]imidazole,2 5,5',6,6'-tetramethyl-1H,1'H-2,2'-bibenzo[d]imidazole3 and [(tbbpy)2RuCl2]4 as 

well as [Ru(tbbpy)3](PF6)2
5 and [Ru(bpy)3](PF6)2

5 were synthesized according to literature procedures. 

UV-vis absorption spectroscopy was performed on a JASCO V-670 UV-vis-NIR Spectrophotometer 

using gas-tight quartz glass cuvettes (d = 10.0 mm, Hellma). Extinction coefficients were determined 

by measuring the UV-vis absorption spectra of each complex at three different concentrations (10-5 M, 

5·10-6 M, 2.5·10-6 M) twice. Calculation of  was done for each measurement and the averaged value 

of six measurements is reported as the respective extinction coefficient. 

Emission spectroscopy was performed on a JASCO FP-8500 Fluorescence Spectrometer with gas-tight 

quartz glass cuvettes (d = 10.0 mm, Hellma). Emission quantum yields were determined following a 

published method6 and using the quantitatively determined emission quantum yield of [Ru(bpy)3](PF6)2 

in degassed CH3CN (9.50 %) as a reference.7 Emission excitation spectra were recorded at the 

wavelength of maximum emission intensity of the respective complex (excitation wavelengths ranged 

from 250 to 600 nm) and compared to the ground state UV-vis absorption spectrum by normalizing to 

the maximum of the MLCT band. 

1H (400 MHz) and 13C-NMR (101 MHz) spectra were recorded on a Bruker Avance 400 MHz at room 

temperature. The shift values are given in ppm and are referenced to the corresponding solvent 

residual peaks (7.26 ppm (singlet, 1H-spectra) or 77.16 ppm (triplet, 13C-spectra) for CDCl3, 5.32 ppm 

(triplet, 1H-spectra) or 54.00 ppm (quintet, 13C-spectra) for CD2Cl2, 1.94 ppm (quintet, 1H-spectra) or 

118.26 ppm (singlet, 13C-spectra) for CD3CN and 2.50 ppm (quintet, 1H-spectra) or 39.52 ppm (septet, 
13C-spectra) for [D6]DMSO). 

High resolution mass spectrometry (HRMS) was performed using a Fourier Transform Ion Cyclotron 

Resonance (FT-ICR) mass spectrometer solariX (Bruker Daltonics) equipped with a 7.0 T 

superconducting magnet and interfaced to an Apollo II Dual ESI/MALDI source. For all measurements 

trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) was used as matrix. 

Spectra were analyzed with the DataAnalysisViewer 4.2 from Bruker and transferred to Origin 9.0. 

Spectra simulation was performed with mMass Version 5.5.0 and transferred to Origin 9.0 as well. 

Cyclic voltammetry was carried out in CH3CN. As the supporting electrolyte 0.1 M TBAPF6 was used. 

The measurements were performed with an Autolab potentiostat PGSTAT204 from Metrohm using a 

three-electrode configuration. As electrodes a glassy carbon disc with a 3 mm diameter stick (working), 

a Pt electrode (counter) and a non-aqueous Ag/Ag+ electrode with 0.01 M AgNO3 in CH3CN (reference) 

were utilized. As reference the ferrocene/ferrocenium (Fc/Fc+) couple was applied, which was added 

to the solution after each measurement. Thus, all reported potentials are versus the Fc/Fc+ couple. All 

scan rates are 100 mV/s unless otherwise noted. 
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The excited-state lifetimes were determined using a nanosecond transient absorption setup. The 

pump pulses at 410 nm were delivered by a Continuum Surelite OPO Plus pumped by a Continuum 

Surelite Nd:YAG laser (pulse duration 5 ns; repetition rate 10 Hz). The probe light was provided by a 

75 W xenon arc lamp. The probe light was focused onto the sample by spherical concave mirrors, which 

were also used to refocus the light on the entrance slit (1.15 mm) of a monochromator (Acton, 

Princeton Instruments). After passing the monochromator the probe light was detected by a 

Hamamatsu R928 photomultiplier. The signal was processed by a Pascher Instruments AB detection 

system. The measurements were performed in 1 cm fluorescence cuvettes under a nitrogen-

atmosphere. 

The resonance Raman (rR) spectra were recorded in a conventional 90° scattering arrangement. 

The excitation light was delivered by an argon ion laser (Coherent Innova301C). A rotation cell was 

utilized to prevent/decrement heating of the sample. No changes in the electronic absorption spectra 

were recorded after the exposure to the laser light with an intensity of circa 20 mW (cw) focused on 

the sample. The scattered light was focused on the entrance slit of an Acton Spectra Pro 2750i 

spectrophotometer and spectrally dispersed by a 1800 lines per 1 mm grating. For recording the 

spectra an exposure time of 10 seconds with 10 accumulations was chosen. The sample concentration 

was in the range of 20 – 40 µM (OD of 0.3 – 0.6 at the excitation wavelength). 

Prior and after each Raman measurement the electronic absorption spectra of the Ruthenium 

complexes in dichloromethane (Sigma-Aldrich, ≥ 99,5%) were recorded in 1 cm cuvettes with an UV-

vis/NIR spectrophotometer (Varian Cary 5000). 

The setup for collecting the ultrafast transient absorption spectra was based on an Ti:Sapphire 

amplifier (Legend-Elite, Coherent inc.), which yields 35 fs pulses centered at 795 nm with a repetition 

rate of 1 kHz. The pump-pulses centered at 400 nm were generated by second harmonic generation 

using the amplifier output. The excited state dynamics were probed using white-light which was 

generated by focusing a part of the 795 nm fundamental beam into a CaF2 plate. The repetition rate 

of the pump-pulses was reduced to 500 Hz by a mechanical chopper. The probe-pulses were delayed 

with respect to the arrival of the pump-pulses at the sample position using an optical delay stage (2 ns). 

The probe-pulses were split into a probe and reference beam which are both directed onto a diode 

array detector. The probe-pulses were focused onto the sample by a concave mirror so that the probe- 

and pump-pulses are spatially and temporally overlapped at the sample position. The polarization of 

the pump- with respect to the probe-pulses were set to magic-angle configuration (54.7°) using a Berek 

compensator and a polarizer. After passing through the sample the probe and reference-pulses were 

spectrally dispersed and detected on a diode array (Pascher Instruments, AB). Prior to analysis the data 

were chirp-corrected and analyzed by a global fit routine employing a sum of exponential functions. 

The investigated samples were dissolved in degassed acetonitrile (c = 20 µM) and the measurements 

were performed in 1 mm cuvettes (OD @ 400 nm of ca. 0.2) under a nitrogen-atmosphere. 

Crystals suitable for X-ray crystallography were mounted using a MicroLoop and Perfluoropolyalkyl 

ether (viscosity 1800 cSt). X-ray diffraction intensity data were measured at 150 K on a Bruker D8 Quest 

single crystal diffractometer with a PHOTON II detector using Mo - Kα radiation (wavelength 

λ = 0.71073 Å). Structure solution and refinement was carried out using the SHELXL package8,9 via 

Olex2. Corrections for incident and diffracted beam absorption effects were applied using multi-scan 

refinements. Structures were solved by direct methods and refined against F2 by the full-matrix least-

squares technique. The hydrogen atoms were included at calculated positions with fixed thermal 
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parameters. All non-hydrogen atoms were refined anisotropically unless otherwise mentioned. 

MERCURY was used for structural representations.10 

Photostability of the different complexes, assessed via ground-state UV-vis absorption spectroscopy, 

was performed as follows: After charging a glass vial (VWR Screw Vial, 4 ml, 45 x 14.15 mm) with the 

corresponding amount of Ru complex using corresponding CH2Cl2 stock solutions and Hamilton micro 

syringes (typical parameters of the final sample solutions: V = 3 mL, c = 10 µM), the solvent was 

removed utilizing pressured air. Afterwards, the remaining solid was dissolved in 3 mL of the 

corresponding solvent (i.e. CH3CN or CH2Cl2) and transferred into a gas-tight quartz glass cuvette 

(d = 10.0 mm, Hellma). Note, that all photostability measurements were performed under ambient 

conditions. Irradiation was performed using a custom-made air cooling apparatus, equipped with one 

LED-stick (max = 463 nm, 45-50 mW/cm2) on which the cuvettes were placed. For the photostability 

measurements in presence of excess base or chlorides, the solvent (CH3CN) which was used to dissolve 

the Ru complex contained additionally either 1 mM tetra-n-butylammonium hydroxide (TBAOH) or 

1 mM tetra-n-butylammonium hydroxide (TBACl). All other steps were performed identically to those 

mentioned above. 

Computational details:   

All quantum chemical calculations determining structural and electronic properties of Ruprbim, 

Ruprbbim, Ruprtmbbim, Ruetbbim and Rudmbbim were performed using the Gaussian 16 program.11 

Fully relaxed equilibrium geometries were obtained within the singlet ground state while the 

computation costs were reduced without affecting the photophysical properties of the transition metal 

complexes by approximation of the terminal tert-butyl groups with methyl groups. All ground state 

calculations were performed at the density functional level of theory (DFT) by means of the B3LYP12,13 

XC functional. The def2-SVP basis14,15 as well as the respective core potentials were applied for all 

atoms. A subsequent vibrational analysis was carried out for each optimized ground state structure to 

verify that a minimum on the potential energy (hyper-)surface (PES) was obtained. To correct for the 

lack of anharmonicity and the approximate treatment of electron correlation, the harmonic 

frequencies were scaled by the factor 0.97.16 

Excited state properties such as excitation energies, oscillator strengths and electronic characters were 

calculated within all equilibrium structures at the time-dependent DFT (TDDFT) level of theory. 

Therefore, the 100 lowest singlet excited states were calculated. Thereby, the same XC functional, 

basis set and core potentials were applied as for the preceding ground state calculations. Several joint 

spectroscopic-theoretical studies on structurally related complexes proved that this computational 

protocol enables an accurate prediction of ground and excited states properties with respect to 

experimental data, e.g. UV-vis absorption, resonance Raman spectra, (spectro-)electrochemical and 

electron transfer properties.17–21 A balanced description of excited states featuring, i.e., metal-to-

ligand charge transfer (MLCT), ligand-to-metal charge transfer (LMCT), ligand-to-ligand charge transfer 

(LLCT), intra-ligand charge transfer (ILCT), intra-ligand (IL) and metal-centered (MC) character, as 

provided by the present computational setup, is essential to assess the photophysics of transition 

metal complexes. Effects of interaction with a solvent (CH3CN:  = 35.688, n = 1.344) were taken into 

account on the ground and excited states properties by the solute electron density (SMD) variant of 

the integral equation formalism of the polarizable continuum model.22,23 The non-equilibrium 

procedure of solvation was used for the calculation of the excitation energies within the Franck-

Condon region of the respective redox species, which is well adapted for processes where only the fast 
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reorganization of the electronic distribution of the solvent is important. All calculations were 

performed including D3 dispersion correction with Becke-Johnson damping.24 

The calculation of the resonance Raman intensities was performed as reported in references25,26 and 

references therein. A dumping factor () of 3000 cm-1 reproduced the experimental absorption 

broadening. The RR intensity has been calculated for excitation wavelengths of 488, 476 and 458 nm 

and taking into account contributions from the singlet excited states involved in the absorption within 

the visible range (see Tables S1). 

Furthermore, the transient absorption (TA) spectra of Ruprbim, Ruprbbim, Ruprtmbbim and 

Ruetbbim were at 403 nm-excitation were modeled by means of the first 100 spin-allowed triplet-

triplet excitations within the triplet ground state geometry (T1), i.e. within the 3MLCTbpy and the 
3MLCTb(b)im equilibria. All triplet structures (3MLCTbpy and 3MLCTb(b)im) were obtained at the DFT level of 

theory, merely for Ruprbim the 3MLCTbim was optimized at the TDDFT level of theory as this state does 

not converge to the triplet ground state within its equilibrium structure. Therefore, TA signal of 

Ruprbim, was exclusively simulated within the optimized 3MLCTbpy structure. Such computational 

protocol to assess the TA spectra of transition metal complexes was already successfully employed.27,28 
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2. Overview of the synthesized substances and their acronyms 
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3. Supplementary Figures S1-S24 

 
Figure S1: 1H-NMR spectra of the five Ru complexes in CD3CN (peaks marked with a circle can be 

assigned to residual CH2Cl2 and the peaks marked with a square correlate to residual DMF; peaks 

marked with a triangle: R2b(b)im protons pointing most strongly towards the tbbpy spheres). 

 

 

Figure S2: Normalized UV-vis absorption (solid line) and emission spectra (dashed line) of etbim (A), 
prbim (B), dmbbim (C), prbbim (D), etbbim (E) and prtmbbim (F). All spectra were recorded in CHCl3 
under air. 

Rudmbbim 

Ruetbbim 

Ruprtmbbim 

Ruprbbim 
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Figure S3: UV-vis spectroscopic changes upon addition of base (0.1 M triethylamine, TEA, red spectra) 

to 10 µM solutions of the corresponding Ru complexes in pure CH3CN (black spectra).  

A: [(tbbpy)2Ru(bbim)](PF6)2; B: Ruetbbim; C: Rudmbbim; D: Ruprbim; E: Ruprbbim; F: Ruprtmbbim. 
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Figure S4: Comparison of the wavelength dependence of the experimental rR spectra of 

Rudmbbim (a), Ruetbbim (b), Ruprbim (c), Ruprbbim (d) and Ruprtmbbim (e) upon irradiation with 

458, 476 and 488 nm. All spectra were recorded in CH2Cl2. 
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Figure S5: Cyclic voltammetry of the five new complexes and [Ru(tbbpy)3](PF6)2 used as homoleptic 

reference compound. Measurements were performed in degassed CH3CN using TBAPF (0.1M) as 

conducting salt at a scan rate of 100 mV/s. All potentials are referenced vs. Fc/Fc+. 
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Figure S6: Comparison between electrochemical HOMO-LUMO gap (Eredox) and optical properties. 

Panel A: Energy of the MLCT-maximum vs. Eredox. Panel B: Energy of the emission maximum vs. Eredox. 

 

 

 

Figure S7: Selected molecular orbitals (Ruetbbim) and respective energies of the ruthenium atom (in 

blue), the R2b(b)im ligand (in red) and of the bpy ligands (in black) within the fully relaxed singlet 

ground state structure of the five Ru complexes obtained at the density functional level of theory 

(B3LYP/def2-svp) including D3BJ dispersion correction and solvent effects (CH3CN) by a polarizable 

continuum model. 
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Figure S8: Spectroscopic changes of 10 µM solutions of Ruprbim (A), Ruprbbim (B), Ruprtmbbim (C), 

Ruetbbim (D), Rudmbbim (E) and [Ru(tbbpy)3](PF6)2 (F), dissolved under air in CH3CN, upon irradiation 

with one blue light emitting LED-stick from the bottom of the 10 x 10 mm quartz cuvettes (45 mW/cm2 

and max = 463 nm). 
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Figure S9: Plot of the relative absorbance maximum at the respective MLCT maximum, evaluated by 

the spectra depicted in Figure S8, against the irradiation time.  

 

 

Figure S10: Spectroscopic changes of 10 µM solutions of Ruetbbim in CH3CN (A), Rudmbbim in CH3CN 

(B), Ruetbbim in CH2Cl2 (C) and Rudmbbim in CH2Cl2 (D) upon irradiation with one blue light emitting 

LED-stick from the bottom of the 10 x 10 mm quartz cuvettes (45 mW/cm2 and max = 463 nm) under 

air. 
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Figure S11: Comparison of the photostabilities of Ruetbbim and Rudmbbim in CH3CN (filled circles) 

and in CH2Cl2 (empty circles) under air (c = 10 µM; the relative absorbance values were extracted from 

the spectra displayed in Figure S10). Irradiation was performed with one blue light emitting LED-stick 

from the bottom of the 10 x 10 mm quartz cuvettes (45 mW/cm2 and max = 463 nm). Diagram A 

displays the irradiation time between 0 and 2500 s, whereas diagram B highlights the time frame 

between 0 and 550 s. 

 

 
Figure S12: 1H-NMR spectroscopic changes of Ruetbbim (c = 3 mM) in CD3CN during irradiation with 

one LED-stick (45 mW/cm2, max = 463 nm). The irradiation was performed under air and at room 

temperature (from bottom to top, spectrum A-E: 1H-NMR spectrum recorded after 0, 5, 9, 14 and 

20 min of irradiation). 
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Figure S13: Comparison between etbbim (c = 3 mM; top spectrum) and Ruetbbim (c = 3 mM, bottom 

spectrum) after 20 min of irradiation with one LED-stick (45 mW/cm2 and max = 463 nm) in CD3CN, 

under air and at room temperature. The expansion highlights the aromatic region between 7 and 

8 ppm. 

 

 
Figure S14: 1H-NMR spectroscopic changes of Rudmbbim (c = 3 mM) in CD3CN during irradiation with 

one LED-stick (45 mW/cm2, max = 463 nm). The irradiation was performed under air and at room 

temperature (from bottom to top, spectrum A-D: 1H-NMR spectrum recorded after 0, 5, 15 and 25 min 

of irradiation). 

 

A 

B 

C 

D 
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Figure S15: Comparison between dmbbim (c = 3 mM;bottom spectrum) and Rudmbbim (c = 3 mM, 

top spectrum) after 25 min of irradiation with one LED-stick (45 mW/cm2 and max = 463 nm) in CD3CN, 

under air and at room temperature. 

 

 

 

Figure S16: Comparison of the photostability of Ruetbbim (blue circles) and Rudmbbim (brown circles; 

both c = 3 mM in CD3CN at room temperature; both irradiated with one LED-stick (45 mW/cm2 and 

max = 463 nm)). 
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Figure S17: Ground state UV-vis absorption spectrum of [(tbbpy)2Ru(MeCN)2]2+ (6 µM) in CH3CN 

(panel A). The maxima are located at 284 nm and 424 nm, respectively. Panel B shows a comparison 

of completely photolyzed Rudmbbim and Ruetbbim (600 sec of irradiation, see Figure S10) and 

[(tbbpy)2Ru(MeCN)2]2+ in CH3CN (the intensities were adjusted to exhibit the same absorbance at 

424 nm). 

 

 

 

Figure S18: Obtained solid state structure of dmbbim (left: picture of a single molecule; right: packing 

behavior of dmbbim), isolated from the photo-irradiated solution initially containing 3 mM Rudmbbim 

in CD3CN at room temperature under air. The ellipsoids are drawn at the 50 % probability level and the 

hydrogen atoms were omitted for clarity. 
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Figure S19: 1H-NMR spectroscopic changes of Rudmbbim (c = 3 mM) in CD2Cl2 during irradiation with 

one LED-stick (45 mW/cm2, max = 463 nm). The irradiation was performed under air and at room 

temperature (from bottom to top, spectrum A-F: 1H-NMR spectrum recorded after 0, 10, 70, 445, 805 

and 1150 min of irradiation). Decreasing peaks of starting material are well visible at 5.65 ppm and 

4.50 ppm; a peak associated with free dmbbim can be easily observed at 4.30 ppm. 

 

 

 

Figure S20: Comparison of the photostability Rudmbbim in CD3CN (brown circles) and CD2Cl2 (brown 

squares) (c = 3 mM; both samples were irradiated with one LED-stick (45 mW/cm2 and max = 463 nm) 

at room temperature and under air). 
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Figure S21: Ground state UV-vis absorption spectroscopic changes of 10 µM solutions of Ruprbim (A), 

Ruprbbim (B), Ruprtmbbim (C), Ruetbbim (D), Rudmbbim (E) and [Ru(tbbpy)3](PF6)2 (F), dissolved 

under air in CH3CN (containing 1 mM TBACl), upon irradiation with one blue light emitting LED-stick 

from the bottom of the 10 x 10 mm quartz cuvettes (45 mW/cm2 and max = 463 nm). For reasons of 

comparison, the spectrum of [(tbbpy)2RuCl2] (10 µM) in pure CH3CN is presented in panel G. 
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Figure S22: Ground state UV-vis absorption spectroscopic changes of 10 µM solutions of Ruprbim (A), 

Ruprbbim (B), Ruprtmbbim (C), Ruetbbim (D), Rudmbbim (E) and [Ru(tbbpy)3](PF6)2 (F), dissolved 

under air in CH3CN (containing 1 mM TBAOH), upon irradiation with one blue light emitting LED-stick 

from the bottom of the 10 x 10 mm quartz cuvettes (45 mW/cm2 and max = 463 nm). 
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Figure S23: Plot of the ground state UV-vis absorption spectroscopic changes, obtained from irradiated 

MeCN solutions of the respective complexes, occurring at 550 nm in presence of 1 mM TBACl (black 

squares) or at 580 nm in presence of 1 mM TBAOH (red circles). The data were taken from Figure S21 

and Figure S22 and the respective panels represent Ruprbim (A), Ruprbbim (B), Ruprtmbbim (C), 

Ruetbbim (D), Rudmbbim (E) and [Ru(tbbpy)3](PF6)2 (F). 
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Figure S24: Ground state UV-vis absorption spectroscopic changes of 10 µM solutions of 

[(tbbpy)2Ru(bbim)](PF6)2 in CH3CN (panel A) or CH3CN with 1 mM TBAOH (panel B). Irradiation was 

performed from the bottom of the 10 x 10 mm quartz cuvettes using one blue light emitting LED-stick 

(45 mW/cm2 and max = 463 nm). 
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4. Detailed discussion of the ultrafast transient absorption spectra (Figures S25-S35) 

 

Calculation of the Nonradiative Decay Rate. The non-radiative (knr) and radiative decay rates are 

related to the measured phosphorescence lifetime (τP) and quantum yield (ΦP) as well as the 

intersystem crossing efficiency (ΦISC) by equations (1) and (2). 

    τP = 1/(kr + knr)       (1) 

    ΦP = ΦISCkrτP       (2) 

Due to the spin-orbit coupling induced by the Ruthenium atom, the intersystem crossing to the triplet 

state is very efficient (ΦISC = 1).29 Thus, by combining equations (1) and (2) an expression for the 

radiative (3) and non-radiative decay-rates (4) dependent on ΦP and τP can be derived. 

    kr = ΦP/τP        (3) 

    knr = (1- ΦP)/τP        (4) 

 

Photoinduced Dynamics of Ruprbim. 

 

Figure S25: Ultrafast transient absorption spectra, kinetic traces and decay associated spectra of 

Ruprbim in CH3CN upon photoexcitation at 403 nm (0.4 mW, OD at λexc = 0.25).  
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Figure S26: Species associated spectra of Ruprbim and simulated difference spectra for a 1Ruprbim to 
3Ruprbim, whereas the excited triplet-state is localized on the tbbpy-ligand sphere. The vertical 

transition energies (black: singlet-singlet-, blue: triplet-triplet-excitations) and their corresponding 

oscillator strengths are shown by bars, which were broadened with Gaussian functions (full-width half-

maximum of 0.30 eV). 

 

 

Figure S27: Nanosecond transient absorption spectra, kinetic traces and decay associated spectra of 

Ruprbim in CH3CN upon photoexcitation at 410 nm (0.4 mW, OD at λexc = 0.40).  
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Photoinduced Dynamics of Ruprbbim. 

 

Figure S28: Transient absorption spectra, kinetic traces and decay associated spectra of Ruprbbim in 

CH3CN upon photoexcitation at 403 nm (0.4 mW, OD at λexc = 0.35). 

 

 

Figure S29: Species associated spectra of Ruprbbim and simulated difference spectra for a 1Ruprbbim 

to 3Ruprbbim, whereas the excited triplet-state is either localized on either the bbim- (yellow) or bpy-

ligand (blue). The vertical transition energies (black: singlet-singlet-, yellow/blue: triplet-triplet-

excitations) and their corresponding oscillator strengths are shown by bars, which were broadened 

with Gaussian functions (full-width half-maximum of 0.30 eV). 
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Photoinduced Dynamics of Ruprtmbbim. 

 

Figure S30: Transient absorption spectra, kinetic traces and decay associated spectra of Ruprtmbbim 

in CH3CN upon photoexcitation at 403 nm (0.4 mW, OD at λexc = 0.30). 

 

 

Figure S31: Species associated spectra of Ruprtmbbim (A) and simulated difference spectra for a 
1Ruprtmbbim to 3Ruprtmbbim, whereas the excited triplet-state is either localized on either the bbim- 

(B, yellow) or bpy-ligand (C, blue). The vertical transition energies (black: singlet-singlet-, yellow/blue: 

triplet-triplet-excitations) and their corresponding oscillator strengths are shown by bars, which were 

broadened with Gaussian functions (full-width half-maximum of 0.30 eV). 
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Figure S32: Nanosecond transient absorption spectra, kinetic traces and decay associated spectra of 

Ruprtmbbim in CH3CN upon photoexcitation at 410 nm (0.4 mW, OD at λexc = 0.40).  

 

 

Figure S33: Normalized kinetic traces of the transient absorption and emission signal decay of 

Ruprtmbbim (A), Ruprbbim (B) and Ruprbim (C) at 470 and 640 nm on the ns-timescale in CH3CN upon 

photoexcitation at 410 nm (0.4 mW, OD at λexc = 0.40). 
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Photoinduced dynamics of Ruetbbim. Ruetbbim shows an instantaneous ground-state bleach (GSB) 

between 400 and 500 nm accompanied by excited-state absorption centered at around 360 nm and 

between 500 and 750 nm, with a maximum at around 540 nm. The transient absorption signals decay 

to zero within approximately 200 ps.  

 

Figure S34: Transient absorption-, decay associated- and species associated spectra as well as kinetic 

traces at some selected probe wavelengths of Ruetbbim in CH3CN upon photoexcitation at 403 nm 

(0.4 mW, OD at λexc = 0.30).  

Employing a global fit the decay is best described by two characteristic time-constants, τ1 = 5.0 ps and 

τ2 = 60 ps. The spectral changes associated to τ1 contain contributions of intersystem-crossing (ISC) and 

interligand hopping, where electron density is shifted from the etbbim (3MLCTbbim) to the tbbpy 

ligand sphere (3MLCTbpy). This is manifested in the decay of ESA between 450 and 600 nm (3MLCTbbim) 

and the build-up of ESA centered at around 360 nm (Ilbpy). The so formed 3MLCTbpy state in turn decays 

within 60 ps. This rapid decay can be attributed to low-lying 3MC states as the rigidity caused by the 

ethylene bridge yield non-optimal interaction of the ligands with the Ru center, which is leading to a 

decreased d-orbital splitting. This is further supported by TD-DFT calculations, which predict the 

minima of the photoexcited 3MLCT b(b)im (1.90 eV) and 3MLCTbpy (1.91 eV) state approximately 0.05 eV 

higher than for the 3MLCT minimum in the propylene bridged Ru complexes (ca. 1.85 eV, cf. Figure 8), 

while the lowest 3MC states are predicted for Ruetbbim within the respective 3MLCTb(b)im and 3MLCTbpy 

equilibria at 3.93 and 3.75 eV – relative to the respective singlet ground state equilibrium. 
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Figure S35: Transient absorption and decay associated spectra of Ruetbbim in CH3CN upon 

photoexcitation at 403 nm (0.4 mW, OD at λexc = 0.30) and TD-DFT simulated energy-level diagram. 
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5. Supplementary Tables S1-S8 

 

Table S1: Excited state properties, such as electronic character, excitation energy, wavelength and 

oscillator strength, of the bright singlet excitations contributing to the UV/vis absorption of the five Ru 

complexes obtained at the time-dependent density functional level of theory (B3LYP/def2-svp) 

including D3BJ dispersion correction and solvent effects (CH3CN) by a polarizable continuum model. 

Ruprbim 

State Character E / eV  / nm f exp / nm 

S5 MLCTbpy 2.65 467 0.181  
S6 MLCTbpy 2.83 438 0.056  
S10 MLCTbim 3.45 359 0.088  
S18 MLCTbpy 3.73 332 0.148  
S29 LLCT 4.43 280 0.173  
S30 ILbim 4.43 280 0.206  
S31 ILbpy 4.45 278 0.232  
S32 ILbim 4.51 275 0.857  

Ruprbbim 

State Character E / eV  / nm f exp / nm 

S4 MLCTbpy 2.54 488.15 0.028  
S6 MLCTbim 2.60 476.38 0.032  
S7 MLCTbpy/bim 2.68 462.77 0.130  
S8 MLCTbpy 2.69 460.37 0.135  
S14 LLCT 3.65 339.95 0.125  
S15 LLCT 3.65 339.80 0.051  
S17 ILbim 3.73 332.22 0.324  
S18 LLCT 3.74 331.11 0.160  
S19 LLCT 3.75 330.85 0.181  
S20 MLCTbpy 3.77 328.83 0.057  
S40 ILbpy 4.45 278.58 0.232  
S41 ILbpy 4.47 277.40 0.770  

Ruprtmbbim 

State Character E / eV  / nm f exp / nm 

S3 MLCTbim 2.48 499 0.023  
S4 MLCTbpy 2.51 495 0.014  
S6 MLCTbpy 2.64 469 0.157  
S7 MLCTbpy/bim 2.72 456 0.130  
S14 ILbim 3.52 352 0.571  
S16 MLCTbpy 3.54 350 0.340  
S19 MLCTbpy 3.70 335 0.139  
S42 ILbpy 4.46 278 0.586  
S44 LLCT 4.50 276 0.129  
S45 LLCT 4.50 275 0.143  

Ruetbbim 

State Character E / eV  / nm f exp / nm 

S3 MLCTbim 2.46 505 0.013  
S4 MLCTbpy 2.55 485 0.019  
S5 MLCTbpy 2.56 485 0.009  
S6 MLCTbim 2.67 464 0.066  
S7 MLCTbim/bpy 2.68 462 0.082  
S8 MLCTbpy/bim 2.74 453 0.111  
S15 LLCT 3.68 337 0.127  
S16 LLCT 3.68 337 0.102  
S18 LLCT 3.75 330 0.235  
S31 ILbim 4.17 297 0.035  
S40 MC 4.44 279 0.109  
S41 ILbpy 4.45 279 0.210  
S42 ILbpy 4.48 277 0.755  

Rudmbbim 

State Character E / eV  / nm f exp / nm 

S4 MLCTbim 2.53 489 0.030  
S5 MLCTbpy 2.54 488 0.050  
S7 MLCTbim/bpy 2.67 464 0.116  
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S8 MLCTbpy 2.69 461 0.134  
S14 LLCT, 

ILbim 3.64 341 0.310 
 

S17 LLCT, 
ILbim 3.75 331 0.286 

 

S18 LLCT, 
MLCTbpy 3.75 330 0.204 

 

S40 ILbpy, 
MLCTbim 4.44 279 0.141 

 

S41 ILbpy, 
MLCTbim 4.46 278 0.113 

 

S42 ILbpy 4.47 277 0.808  
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Table S2: Charge density differences of the bright singlet excitations contributing to the UV/vis 

absorption of the five Ru complexes obtained at the time-dependent density functional level of theory 

(B3LYP/def2-svp) including D3BJ dispersion correction and solvent effects (CH3CN) by a polarizable 

continuum model. Charge transfer takes place from red to blue. 

Ruprbim 

 
S5 (MLCTbpy) 

 
S6 (MLCTbpy) 

 
S10 (MLCTbim) 

 
S18 (MLCTbpy) 

 
S29 (LLCT) 

 
S30 (ILbim) 

 
S31 (ILbpy) 

 
S32 (ILbim) 

Ruprbbim 

 
S4 (MLCTbpy) 

 
S6 (MLCTbim) 

 
S7 (MLCTbpy/bim) 

 
S8 (MLCTbpy) 

 
S14 (LLCT) 

 
S15 (LLCT) 

 
S17 (ILbim) 

 
S18 (LLCT) 

 
S19 (LLCT) 

 
S20 (MLCTbpy) 

 
S40 (ILbpy) 

 
S40 (ILbpy) 

Ruprtmbbim 
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S3 (MLCTbim) 

 
S4 (MLCTbpy) 

 
S6 (MLCTbpy) 

 
S7 (MLCTbpy/bim) 

 
S14 (ILbim) 

 
S16 (MLCTbpy) 

 
S19 (MLCTbpy) 

 
S42 (ILbpy) 

 
S44 (LLCT) 

 
S45 (LLCT)   

Ruetbbim 

 
S3 (MLCTbim) 

 
S4 (MLCTbpy) 

 
S5 (MLCTbpy) 

 
S6 (MLCTbim) 

 
S7 (MLCTbim/bpy) 

 
S8 (MLCTbpy/bim) 

 
S15 (LLCT) 

 
S16 (LLCT)) 

 
S18 (LLCT) 

 
S31 (ILbim) 

 
S40 (MC) 

 
S41 (ILbpy) 



 

S34 

 
S42 (ILbpy) 

 

  

Rudmbbim 

 
S4 (MLCTbim) 

 
S5 (MLCTbpy) 

 
S7 (MLCTbim/bpy) 

 
S8 (MLCTbpy) 

 
S14 (LLCT, ILbim) 

 
S17 (LLCT, ILbim) 

 
S18 (LLCT, MLCTbpy) 

 
S40 (ILbpy, MLCTbim) 

 
S41 (ILbpy, MLCTbim) 

 
S42 (ILbpy)   
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Table S3: Vibrational normal modes of Ruprbim contributing to the (relative) resonance Raman 

intensity pattern at excitation wavelengths of 488, 476 and 458 nm.  

mode(character) 𝜈calc / cm-1 𝜈exp / cm-1 𝐼rel(𝜆exc = 488 nm) 𝐼rel(𝜆exc = 476 nm) 𝐼rel(𝜆exc = 458 nm) 

114(bpy) 1025.4 1028 0.15 (0.02) 0.19 (0.02) 0.17 (0.02) 

122(bpy) 1101.5  (0.03) (0.03) (0.03) 

128(bpy) 1194.0  (0.02) (0.02) (0.02) 

129(bpy) 1197.1  (0.04) (0.04) (0.04) 

142(bpy,bim) 1288.6 1248 0.13 (0.04) 0.17 (0.04) 0.13 (0.04) 

144(bpy) 1290.3 1265 0.14 (0.01) 0.13 (0.01) 0.13 (0.01) 

145(bpy) 1308.1 1278 0.39 (0.12) 0.14 (0.13) 0.10 (0.12) 

146(bpy) 1309.3 1315 (0.17) 0.39 (0.17) 0.34 (0.17) 

148(bim) 1333.8  (0.02) (0.02) (0.02) 

157(bpy) 1381.2  (0.02) (0.02) (0.02) 

170(bpy) 1431.9  (0.02) (0.02) (0.02) 

171(bpy) 1432.4  (0.07) (0.07) (0.07) 

172(bim) 1454.3  (0.02) (0.02) (0.02) 

174(bpy) 1474.0  (0.02) (0.02) (0.02) 

175(bpy) 1479.2  (0.09) (0.09) (0.09) 

176(bpy) 1480.4 1480 0.98 (0.42) 0.86 (0.42) 0.78 (0.42) 

180(bpy) 1546.9  (0.02) (0.02) (0.02) 

181(bpy) 1547.9 1535 1.00 (1.00) 1.00 (1.00) 1.00 (1.00) 

184(bpy) 1618.8 1613 0.48 (0.18) 0.30 (0.18) 0.33 (0.18) 

185(bpy) 1619.5  (0.14) (0.14) (0.14) 
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Table S4: Vibrational normal modes of Ruprbbim contributing to the (relative) resonance Raman 

intensity pattern at excitation wavelengths of 488, 476 and 458 nm.  

mode(character) 𝜈calc / cm-1 𝜈exp / cm-1 𝐼rel(𝜆exc = 488 nm) 𝐼rel(𝜆exc = 476 nm) 𝐼rel(𝜆exc = 458 nm) 

135(bpy) 1026.2 1028 0.19 (0.02) 0.26 (0.02) 0.19 (0.03) 

143(bpy) 1103.3  (0.05) (0.05) 0.19 (0.05) 

146(bim) 1120.7  (0.01) (0.01) (0.01) 

149(bpy,bim) 1171.6  (0.01) (0.01) (0.02) 

150(bpy,bim) 1172.3  (0.03) (0.03) (0.03) 

152(bpy) 1187.9  (0.04) (0.04) (0.03) 

156(bim) 1242.3 1248 0.25 (0.05) 0.26 (0.05) 0.17 (0.04) 

157(bim,bpy) 1246.1 1265 0.34 (0.15) 0.34 (0.15) 0.20 (0.14) 

165(bpy) 1284.6  (0.04) (0.04) (0.04) 

166(bim,bpy) 1285.9  (0.03) (0.03) (0.04) 

167(bpy,bim) 1287.5 1280 0.34 (0.11) 0.15 (0.10) 0.10 (0.08) 

168(bim) 1289.6  (0.01) (0.02) (0.02) 

169(bpy) 1306.0  (0.07) (0.07) (0.07) 

170(bpy) 1307.6 1314 0.37 (0.21) 0.36 (0.21) 0.35 (0.21) 

172(bim) 1319.9  (0.02) (0.02) (0.02) 

181(bim) 1369.0  (0.03) (0.03) (0.03) 

183(bpy) 1381.1  (0.03) (0.03) (0.03) 

185(bim) 1385.0  (0.01) (0.01) (0.01) 

192(bim) 1402.0  (0.07) (0.07) (0.07) 

197(bpy) 1432.9  (0.07) (0.07) (0.07) 

199(bim) 1444.4  (0.74) (0.74) (0.69) 

202(bpy) 1475.0  (0.07) (0.07) (0.07) 

203(bpy,bim) 1476.5  (0.07) (0.08) (0.09) 

204(bim,bpy) 1477.0  (0.03) (0.03) (0.03) 

205(bpy) 1478.9 1480 0.87 (0.32) 0.95 (0.31) 0.76 (0.30) 

206(bim) 1480.5  (0.27) (0.27) (0.25) 

208(bpy) 1547.9  (0.03) (0.03) (0.03) 

209(bpy) 1548.7 1535 1.00 (1.00) 1.00 (1.00) 1.00 (1.00) 

212(bim) 1581.1 1585 0.10 (0.36) 0.10 (0.37) 0.10 (0.35) 

214(bim) 1603.6 1605 0.80 (0.98) 0.56 (1.00) 0.43 (0.93) 

215(bpy) 1616.9 1613 0.27 (0.10) 0.27 (0.10) 0.33 (0.11) 

216(bpy,bim) 1618.5  (0.08) (0.08) (0.08) 

217(bpy,bim) 1618.6  (0.07) (0.07) (0.07) 
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Table S5: Vibrational normal modes of Ruprtmbbim contributing to the (relative) resonance Raman 

intensity pattern at excitation wavelengths of 488, 476 and 458 nm.  

mode(character) 𝜈calc / cm-1 𝜈exp / cm-1 𝐼rel(𝜆exc = 488 nm) 𝐼rel(𝜆exc = 476 nm) 𝐼rel(𝜆exc = 458 nm) 

149(bpy) 1025.5 1030 0.14 (0.03) 0.23 (0.03) 0.13 (0.02) 

154(bpy) 1066.8  (0.03) (0.03) (0.03) 

158(bpy) 1102.2  (0.03) (0.03) (0.03) 

163(bim) 1159.3  (0.01) (0.01) (0.01) 

166(bpy) 1185.6  (0.06) (0.06) (0.05) 

167(bim) 1190.1  (0.01) (>0.1) (>0.1) 

170(bpy) 1210.7  (0.02) (0.02) (0.02) 

171(bim) 1214.3  (0.01) (>0.1) (>0.1) 

177(bim) 1264.7 1248 0.33 (0.07) 0.34 (0.06) 0.15 (0.06) 

178(bim) 1268.4 1265 0.37 (0.03) 0.28 (0.03) 0.21 (0.04) 

182(bpy) 1278.3  (0.01) (0.01) (0.01) 

183(bpy) 1286.5 1280 0.38 (0.10) 0.14 (0.10) 0.10 (0.10) 

185(bpy) 1306.8  (0.05) (0.05) (0.05) 

186(bpy) 1307.5 1314 0.25 (0.24) 0.35 (0.24) 0.32 (0.24) 

188(bim) 1325.7  (0.02) (0.02) (0.02) 

190(bim) 1335.6  (>0.1) (>0.1) (0.01) 

203(bpy) 1381.6  (0.02) (0.02) (0.02) 

218(bim) 1402.0  (0.04) (0.04) (0.04) 

225(bpy) 1432.8  (0.06) (0.06) (0.07) 

226(bim) 1443.7  (0.34) (0.29) (0.30) 

227(bim) 1456.4  (0.01) (0.01) (0.01) 

230(bpy) 1474.0  (0.09) (0.09) (0.09) 

232(bpy,bim) 1478.2  (0.14) (0.14) (0.13) 

233(bpy,bim) 1478.4 1480 0.97 (0.20) 0.86 (0.21) 0.80 (0.20) 

234(bim,bpy) 1479.8  (0.20) (0.19) (0.19) 

235(bim) 1514.9  (0.01) (0.01) (0.01) 

236(bpy) 1547.0  (0.01) (0.01) (>0.1) 

237(bpy) 1547.9 1535 1.00 (1.00) 1.00 (1.00) 1.00 (1.00) 

238(bpy) 1557.4  (0.01) (0.01) (0.01) 

240(bim) 1569.1  (0.05) (0.04) (0.05) 

242(bim) 1602.3 1605 0.55 (0.56) 0.36 (0.46) 0.48 (0.48) 

243(bpy) 1617.7  (0.12) (0.12) (0.12) 

244(bpy) 1618.4  (0.15) (0.15) (0.15) 

246(bpy) 1625.8 1615 0.23 (0.05) 0.34 (0.05) 0.50 (0.05) 

247(bim) 1633.7  (0.01) (>0.1) (>0.1) 
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Table S6: Vibrational normal modes of Ruetbbim contributing to the (relative) resonance Raman 

intensity pattern at excitation wavelengths of 488, 476 and 458 nm.  

mode(character) 𝜈calc / cm-1 𝜈exp / cm-1 𝐼rel(𝜆exc = 488 nm) 𝐼rel(𝜆exc = 476 nm) 𝐼rel(𝜆exc = 458 nm) 

132(bpy) 1026.3 1030 0.43 (0.01) 0.21 (0.01) 0.17 (0.01) 

140(bpy) 1101.6  (0.02) (0.02) (0.02) 

145(bim) 1140.3 1130 0.11 (0.06) (0.06) (0.07) 

152(bim) 1227.7  (0.04) (0.04) (0.04) 

153(bim) 1239.2 1248 0.15 (0.05) 0.14 (0.05) 0.15 (0.05) 

162(bpy) 1284.1 126, 0.25 (0.02) 0.15 (0.02) 0.19 (0.01) 

165(bpy) 1305.2 1279 0.26 (0.03) 0.17 (0.03) 0.14 (0.03) 

166(bpy) 1307.2 1315 0.24 (0.05) 0.35 (0.05) 0.37 (0.06) 

175(bim) 1359.0  (0.03) (0.03) (0.04) 

191(bpy) 1432.5  (0.02) (0.02) (0.02) 

196(bim,bpy) 1475.5  (0.02) (0.02) (0.02) 

197(bim,bpy) 1475.7  (0.05) (0.05) (0.04) 

198(bpy) 1479.2 1480 0.85 (0.05) 0.98 (0.05) 0.89 (0.05) 

199(bim) 1521.9  (0.09) (0.09) (0.09) 

200(bpy) 1547.9  (0.02) (0.02) (>0.1) 

201(bpy) 1548.5 1535 1.00 (0.21) 1.00 (0.20) 1.00 (0.20) 

205(bim) 1575.2  (0.05) (0.05) (0.05) 

207(bpy) 1616.6 1613 0.33 (0.03) 0.31 (0.03) 0.39 (0.03) 

208(bpy) 1618.7  (0.02) (0.02) (0.02) 

213(bim) 1684.5 1683 0.27 (1.00) 0.23 (1.00) 0.27 (1.00) 

 

  



 

S39 

Table S7: Vibrational normal modes of Rudmbbim contributing to the (relative) resonance Raman 

intensity pattern at excitation wavelengths of 488, 476 and 458 nm.  

mode(character) 𝜈calc / cm-1 𝜈exp / cm-1 𝐼rel(𝜆exc = 488 nm) 𝐼rel(𝜆exc = 476 nm) 𝐼rel(𝜆exc = 458 nm) 

133(bpy) 1025.6 1030 0.26 (0.03) 0.24 (0.03) 0.16 (0.03) 

141(bpy) 1102.8  (0.04) (0.04) (0.04) 

147(bim) 1128.0  (0.01) (0.01) (0.01) 

149(bpy) 1172.1  (0.05) (0.05) (0.05) 

151(bpy) 1194.4  (0.05) (0.04) (0.04) 

155(bim) 1247.3 1249 0.16 (0.12) 0.17 (0.11) 0.17 (0.11) 

162(bpy) 1284.5 1263 0.52 (0.12) 0.17 (0.11) 0.18 (0.08) 

163(bpy,bim) 1289.7 1278 0.13 (0.05) 0.11 (0.04) 0.12 (0.03) 

164(bim,bpy) 1291.1  (0.03) (0.03) (0.02) 

165(bim) 1292.0  (0.04) (0.05) (0.05) 

166(bpy) 1306.7  (0.08) (0.08) (0.09) 

167(bpy) 1308.8 1319 0.29 (0.25) 0.58 (0.25) 0.31 (0.25) 

168(bim) 1323.3  (0.02) (0.01) (0.01) 

169(bim) 1325.2  (0.08) (0.07) (0.06) 

172(bpy) 1344.8  (0.01) (0.01) (0.01) 

173(bpy) 1345.6  (0.01) (0.01) (0.01) 

177(bpy) 1379.6  (0.01) (0.01) (0.01) 

178(bpy) 1381.0  (0.01) (0.01) (0.01) 

181(bim) 1386.4  (0.15) (0.14) (0.13) 

187(bim) 1419.4  (0.26) (0.25) (0.24) 

189(bim) 1422.0  (0.02) (0.02) (0.02) 

190(bpy,bim) 1422.1  (0.01) (0.01) (0.01) 

191(bim) 1424.1  (0.08) (0.08) (0.07) 

192(bpy) 1431.9  (0.03) (0.03) (0.03) 

193(bpy) 1433.1  (0.07) (0.07) (0.08) 

194(bim) 1435.6  (0.01) (0.01) (0.01) 

195(bim) 1442.0  (0.03) (0.03) (0.04) 

196(bim) 1444.9  (0.01) (0.01) (0.01) 

200(bpy) 1477.6  (0.32) (0.31) (0.30) 

201(bim) 1479.5  (0.05) (0.05) (0.04) 

202(bim) 1480.4  (0.03) (0.03) (0.03) 

203(bpy,bim) 1481.0 1481 0.99 (0.52) 0.92 (0.49) 0.77 (0.45) 

205(bpy) 1547.8  (0.13) (0.12) (0.12) 

206(bpy) 1548.5 1535 1.00 (1.00) 1.00 (1.00) 1.00 (1.00) 

207(bim) 1553.4  (0.75) (0.77) (0.76) 

211(bim) 1592.5  (0.01) (0.01) (0.01) 

212(bpy) 1617.3 1614 0.34 (0.17) 0.23 (0.17) 0.30 (0.18) 

214(bpy) 1619.6  (0.17) (0.17) (0.17) 
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Table S8: Anodic peak potentials (Ep
a), cathodic peak potentials (Ep

c), as well as peak separation 

potentials (E) of the respective redox couples (see CV spectra depicted in chapter 3, Figure S5). Using 

our setup, E of the Fc+/Fc couple was 76 mV.  

 

 RuIII/RuII couple 1st ligand reduction 
 Ep

a (V) Ep
c (V) E (mV) Ep

a (V) Ep
c (V) E (mV) 

Rudmbbim 0.642 0.561 81 -1.815 -1.885 71 

Ruetbbim 0.704 0.619 85 -1.842 -1.913 71 

Ruprtmbbim 0.598 0.516 81 -1.854 -1.924 70 

Ruprbbim 0.642 0.561 81 -1.845 -1.911 66 

Ruprbim 0.578 0.492 86 -1.899 -1.975 76 

 2nd ligand reduction 3rd ligand reduction 

 Ep
a (V) Ep

c (V) E (mV) Ep
a (V) Ep

c (V) E (mV) 

Rudmbbim -1.996 -2.073 77 -2.248 -2.324 76 

Ruetbbim -2.024 -2.100 75 -2.246 -2.327 81 

Ruprtmbbim -2.076 -2.147 71 -2.342 -2.418 76 

Ruprbbim -2.036 -2.107 71 -2.263 -2.339 77 

Ruprbim -2.131 -2.207 76 - - - 
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6. Synthesis and characterization of the ligands 

 

Synthesis of 6,7-dihydro-5H-diimidazo[1,2-a:2',1'-c][1,4]diazepine (prbim) 

 

In a 100 mL round bottom flask 173 mg (1.29 mmol, 1 eq.) 1H,1'H-2,2'-biimidazole and 800 mg K2CO3 

(5.80 mmol, 4.5 eq.) were suspended in 30 mL DMF and stirred for 30 minutes at 40 °C. Afterwards 

286 mg (144 µL, 1.42 mol, 1.1 eq.) 1,3-dibromopropane were dissolved in 15 mL DMF and added 

dropwise to the suspension. After stirring this mixture for 20 h at 40 °C, the solvent was completely 

removed, and the white solid was transferred into a separating funnel by alternately adding water and 

CH2Cl2 to the crude product. As by the aid of ultrasonication all solids were transferred to the 

separating funnel, the aqueous phase was extracted three times using CH2Cl2. The organic phases were 

then dried using MgSO4 and after filtration and removal of the solvent, the pure product was obtained 

as a white solid (105 mg, 0.603 mmol, 47 %), well soluble in chlorinated organic solvents. 

1H-NMR (CDCl3, 400 MHz):  = 7.15 (d, J = 1.1 Hz, 2Ha/b), 6.91 (d, J = 1.1 Hz, 2Ha/b), 4.30-4.24 (m, 4Hc), 

2.49-2.42 (m, 2Hd). 

13C-NMR (CDCl3, 101 MHz):  = 139.41, 129.98, 121.46, 47.58, 27.15. 

 

Synthesis of 7,8-dihydro-6H-benzo[4,5]imidazo[1,2-a]benzo[4,5]imidazo[2,1-c][1,4]diazepine 

(prbbim) 

 

In a round bottom flask 201 mg (0.859 mmol, 1 eq.) 1H,1´H-2,2´-bibenzo[d]imidazole and 517 mg 

K2CO3 (3.74 mmol, 4.35 eq.) were suspended in 25 mL DMF and stirred for 30 min at 40 °C. Afterwards 

222 mg (112 µL, 0.945 mmol, 1.1 eq.) 1,3-dibromopropane were dissolved in 15 mL DMF and added 

dropwise to the suspension. After this the mixture stirred for 20 h at 40 °C. After complete removal of 

the solvent, the crude product was resuspended in CH2Cl2 and water and transferred into a separation 

funnel. The aqueous phase was then extracted two times with CH2Cl2, all organic phases were 

collected, combined and dried over MgSO4. After filtration CH2Cl2 was removed at the rotary 

evaporator. The obtained golden solid was subsequently dried under vacuum, resulting in 162 mg 

(0.591 mmol, 69 %) of the desired product. 

1H-NMR (CD2Cl2, 400 MHz):  = 7.87-7.83 (m, 2H), 7.46-7.42 (m, 2H), 7.39-7.31 (m, 4H), 4.51-4.46 (m, 

4He), 2.69-2.62 (m, 2Hf). 

13C-NMR (CD2Cl2, 101 MHz):  = 144.60, 143.82, 136.41, 124.31, 123.50, 121.18, 110.22, 44.96, 27.51. 
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Synthesis of 2,3,11,12-tetramethyl-7,8-dihydro-6H-benzo[4,5]imidazo[1,2-a]benzo[4,5]imidazo[2,1-

c][1,4]diazepine (prtmbbim) 

 

In a 100 mL round bottom flask 90.6 mg (0.312 mmol, 1 eq.) 5,5',6,6'-tetramethyl-1H,1'H-2,2'-

bibenzo[d]imidazole and 203 mg K2CO3 (1.47 mmol, 4.7 eq.) were suspended in 15 mL DMF and stirred 

for 30 minutes at 40 °C. Afterwards 69.5 mg (35 µL, 0.33 mmol, 1.1 eq.) 1,3-dibromopropane were 

dissolved in 5 mL DMF and added dropwise to the suspension. After stirring this mixture for 20 h at 

40 °C, the solvent was completely removed and the solid was transferred into a separating funnel by 

alternately adding water and CH2Cl2 to the crude product. As by the aid of ultrasonication all solids 

were transferred to the separating funnel, the aqueous phase was extracted three times using CH2Cl2. 

The organic phases were then dried using MgSO4 and after filtration and removal of the solvent, the 

pure product was obtained as a gray solid (62.6 mg, 0.189 mmol, 61 %). 

1H-NMR (CD2Cl2, 400 MHz):  = 7.58 (s, 2Ha/d), 7.20 (s, 2Ha/d), 4.49 - 4.36 (m, 4He), 2.70 - 2.55 (m, 2Hf), 

2.43 (s, 6Hb/c), 2.40 (s, 6Hb/c). 

13C NMR ([D6]DMSO with 1 drop of TFA, 101 MHz) δ 138.36, 136.31, 135.83, 135.32, 133.77, 116.88, 
112.42, 46.82, 24.49, 20.48, 20.13. 

 

Synthesis of 5,6-dihydrodiimidazo[1,2-a:2',1'-c]pyrazine (etbim) 

 

In a 100 mL round bottom flask 100 mg (0.745 mmol, 1 eq.) 1H,1'H-2,2'-biimidazole and 470 mg K2CO3 

(3.40 mmol, 3.4 eq.) were suspended in 30 mL DMF and stirred for 30 minutes at 40 °C. Afterwards 

142 mg (0.754 mmol, 65 µL, 1 eq.) 1,2-dibromoethane were dissolved in 5 mL DMF and added 

dropwise to the suspension. After stirring the reaction mixture for 20 h at 40 °C the solvent was 

completely removed, the crude mixture was transferred into a separation funnel and the aqueous 

phase was extracted three times using CH2Cl2. The collected organic phases were dried over MgSO4 

and after filtration and evaporation of the solvent 30.0 mg (0.187 mmol, 30 %) of the pure product 

were obtained as a white solid. 

1H-NMR (CDCl3, 400 MHz):  = 7.17 (d, 1.2 Hz, 2Ha/b), 6.94 (d, 1.2 Hz, 2Ha/b), 4.36 (s, 4Hc). 

13H-NMR (CDCl3, 101 MHz):  = 138.10, 130.33, 118.87, 43.26. 
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Synthesis of 6,7-dihydrobenzo[4,5]imidazo[1,2-a]benzo[4,5]imidazo[2,1-c]pyrazine (etbbim) 

 

In a 50 mL round bottom flask 107.8 mg (0.4600 mmol, 1 eq.) 1H,1´H-2,2´-bibenzo[d]imidazole and 

267.7 mg K2CO3 (1.937 mmol, 4.2 eq.) were suspended in 20 mL DMF and stirred for 30 minutes at 

40 °C. Afterwards 95 mg (0.51 mmol, 44 µL, 1.1 eq.) 1,2-dibromoethane were dissolved in 5 mL DMF 

and added dropwise to the suspension. After stirring the solution for 20 h at 40 °C the complete solvent 

was removed. The crude product was transferred in a separation funnel and the aqueous phase was 

extracted three times using CH2Cl2. The collected organic phases were dried over MgSO4 and after 

filtration and evaporation of the solvent, 73.0 mg (0.280 mmol, 61 %) of the pure product were 

obtained as a beige solid. 

1H-NMR ([D6]DMSO, 400 MHz):  = 7.83 - 7.78 (m, 2Ha/d), 7.78 - 7.72 (m, 2Ha/d), 7.39 (ddd, J = 8.1, 7.2, 

1.2 Hz, 2Hb/c), 7.36 - 7.28 (m, 2Hb/c), 4.80 (s, 4He). 

13H-NMR ([D6]DMSO, 101 MHz):  = 143.34, 141.63, 134.28, 123.74, 122.87, 120.01, 110.87, 40.41. 

 

Synthesis of 1,1'-dimethyl-1H,1'H-2,2'-bibenzo[d]imidazole (dmbbim) 

 

In a 100 mL round bottom flask 200.5 mg (0.856 mmol, 1 eq.) 1H,1´H-2,2´-bibenzo[d]imidazole and 

517.9 mg K2CO3 (3.75 mmol, 4.4 eq.) were suspended in 12 mL DMF and stirred for 30 minutes at room 

temperature. Then 1.254 g (8.84 mmol, 550 µL, 10.3 eq.) methyl iodide were dissolved in 4 mL DMF 

and added dropwise to the solution. After 4 h of stirring at room temperature the solvent and excess 

methyl iodide were evaporated, yielding a crude brown solid, which was dissolved in water and ethyl 

acetate and then transferred into a separation funnel. The aqueous phase was extracted three times 

with ethyl acetate and the collected organic phases were dried over MgSO4. After filtration and 

evaporation, a beige solid was obtained, which was purified using silica column chromatography 

(hexane/ethylacetate = 4:1; the crude product can be dissolved in CH2Cl2 and added on top of the silica 

column). The pure product (Rf = 0.39) was isolated as yellow solid (143 mg, 0.545 mmol, 64 %). 

1H-NMR (CD2Cl2, 400 MHz):  = 7.83 (ddd, J = 7.9, 1.2, 0.8 Hz, 2Ha/d), 7.52 (ddd, J = 8.1, 1.2, 0.8 Hz, 

2Ha/d), 7.41 (ddd, J = 8.1, 7.1, 1.2 Hz, 2Hb/c), 7.35 (ddd, J = 8.0, 7.1, 1.3 Hz, 2Hb/c), 4.33 (s, 6He). 

13C-NMR (CD2Cl2, 101 MHz):  = 143.97, 143.13, 136.89, 124.32, 123.19, 120.61, 110.70, 32.97. 
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7. Synthesis and characterization of the Ru complexes 

 

Synthesis of [(tbbpy)2Ru(prbim)](PF6)2 (Ruprbim) 

 

In a 100 mL round bottom flask, 39.6 mg (55.9 µmol, 1 eq.) [(tbbpy)2RuCl2] and 9.73 mg (55.9 µmol, 

1 eq.) prbim were suspended in a mixture of 30 mL EtOH and 10 mL water. After the mixture was 

refluxed at 85 °C for 20 h a red solution was formed and most of the EtOH was then removed using a 

rotary evaporator. Afterwards the solution was cooled to room temperature and 130 mg (0.798 mmol, 

14.5 eq.) of NH4PF6, dissolved in 4 mL water, was added dropwise. The orange precipitate which 

formed was filtered off, washed two times with water (10 mL each) and two times with diethylether 

(10 mL each). The product was then removed from the frit by dissolving it in CH2Cl2 and after 

evaporating the solvent and drying the remaining solid under vacuum, 61 mg (55.4 µmol, 99 %) of the 

red product were obtained. 

1H-NMR (CD3CN, 400 MHz):  = 8.42 (d, J = 2.0 Hz, 2H3), 8.40 (d, J = 2.1 Hz, 2H3´), 7.91 (d, J = 6.0 Hz, 

2H6), 7.65 (d, J = 6.1 Hz, 2H6´), 7.48 (dd, J = 6.0, 2.0 Hz, 2H5), 7.32 (dd, J = 6.1, 2.1 Hz, 2H5´), 7.21 (d, 

J = 1.4 Hz, 2Hb), 6.38 (d, J = 1.4 Hz, 2Ha), 4.52 - 4.38 (m, 4Hc), 2.60 - 2.53 (m, 2Hd), 1.44 (s, 18HtBu/tBu´), 

1.39 (s, 18HtBu/tBu´). 

13C-NMR (CD3CN, 101 MHz):  = 162.12, 162.08, 159.11, 158.12, 152.62, 152.39, 141.17, 129.41, 

125.20, 125.14, 124.58, 121.70, 121.55, 49.65, 36.13, 36.05, 30.50, 30.40, 26.30. 

HRMS (MALDI-FT-ICR, [M] = C45H58F12N8P2Ru): calcd. for [M - PF6]+ 957.3483; found 957.3452; calcd. for 

[M - 2PF6]+ 812.3841; found 812.3812; calcd. for [2M - PF6]+ 2059.6620; found 2059.6551; calcd. for 

[3M - PF6]+ 3161.9757; found 3161.9586. 
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Synthesis of [(tbbpy)2Ru(prbbim)](PF6)2 (Ruprbbim) 

 

In a 100 mL round bottom flask 40.0 mg (56.4 µmol, 1.00 eq.) [(tbbpy)2RuCl2] and 15.9 mg (58.0 µmol, 

1.03 eq.) prbbim were suspended in 40 mL of an ethanol-water mixture (3:1, v:v) and refluxed for 10 h 

at 85 °C. After removing most of the solvent, 110 mg (0.676 mmol, 12.0 eq.) NH4PF6, dissolved in 4 mL 

of water, was added to the red solution under constant stirring. The precipitate was filtered off using 

a frit and washed two times with water (10 mL each) and two times with diethylether (10 mL) each. 

The red solid was then dissolved in a round bottom flask using CH2Cl2 and after removing the solvent 

using a rotary evaporator, the product was dried under vacuum, resulting in 52.7 mg of the desired 

product (43.8 µmol, 77 %). 

1H-NMR (CD3CN, 400 MHz):  = 8.50 (d, J = 1.8 Hz, 2H3), 8.40 (d, J = 1.7 Hz, 2H3´), 7.83 (dd, J = 6.1, 

0.5 Hz, 2H6), 7.80 (dd, J = 6.0, 0.5 Hz, 2H6´), 7.72 (dt, J = 8.4, 0.9 Hz, 2Hd), 7.50 - 7.42 (m, 4Hc,5), 7.32 (dd, 

J = 6.1, 2.1 Hz, 2H5´), 7.08 (ddd, J = 8.3, 7.2, 1.0 Hz, 2Hb), 5.63 (dt, J = 8.4, 0.8 Hz, 2Ha), 4.84 - 4.68 (m, 

4He), 2.92 - 2.76 (m, 2Hf), 1.47 (s, 18HtBu/tBu´), 1.36 (s, 18HtBu/tBu´). 

13C-NMR (CD3CN, 101 MHz):  = 163.30, 162.34, 159.73, 157.91, 153.20, 152.92, 145.59, 142.58, 

137.05, 126.81, 125.99, 125.46, 124.93, 122.24, 121.84, 116.51, 113.43, 47.15, 36.29, 36.09, 30.45, 

30.39, 25.93. 

HRMS (MALDI-FT-ICR, [M] = C53H62F12N8P2Ru): calcd. for [M - PF6]+ 1057.3798; found 1057.3783; calcd. 

for [2M - PF6]+ 2259.7252; found 2259.7237. 
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Synthesis of [(tbbpy)2Ru(prtmbbim)](PF6)2 (Ruprtmbbim) 

 

In a 100 mL round bottom flask 40.72 mg (57.45 µmol, 1 eq.) [(tbbpy)2RuCl2] and 19.20 mg 

(58.10 µmol, 1.01 eq.) prtmbbim were suspended in a mixture of 30 mL ethanol and 10 mL water. 

After refluxing the violet solution for 20 h at 85 °C it turned to red and most of the solvent was then 

removed using a rotary evaporator. Subsequently the solution was cooled to room temperature and 

130 mg NH4PF6 (0.798 mmol, 14 eq.), dissolved in 4 mL H2O, were added dropwise, resulting in the 

formation of an orange precipitate, which was filtered off and washed two times with water (10 mL 

each) and diethylether (10 mL each). Afterwards the product was dissolved away from the frit into a 

round bottom flask using CH2Cl2. Remaining small impurities were removed by Sephadex column 

chromatography. After evaporation of the solvent 57.6 mg (45.8 µmol, 80 %) of the red product were 

obtained. 

1H-NMR (CD3CN, 400 MHz):  = 8.53 (d, J = 2.0 Hz, 2H3), 8.43 (d, J = 2.0 Hz, 2H3´), 7.85 (d, J = 6.0 Hz, 

2H6), 7.81 (d, J = 6.0 Hz, 2H6´), 7.51 (dd, J = 6.0, 2.0 Hz, 2H5), 7.47 (s, 2Hd), 7.35 (dd, J = 6.0, 2.0 Hz, 2H5´), 

5.38 (s, 2Ha), 4.77 - 4.61 (m, 4He), 2.85 - 2.78 (m, 2Hf), 2.34 (s, 6Hb/c), 2.02 (s, 6Hb/c), 1.49 (s, 18HtBu/tBu´), 

1.38 (s, 18HtBu/tBu´). 

13C-NMR (CD3CN, 101 MHz):  = 163.03, 162.13, 159.78, 157.90, 153.04, 153.02, 144.71, 141.17, 

136.80, 135.65, 135.48, 125.47, 124.89, 122.17, 121.81, 116.28, 112.92, 46.91, 36.28, 36.08, 30.55, 

30.41, 26.07, 20.51. 

HRMS (MALDI-FT-ICR, [M] = C57H70F12N8P2Ru): calcd. for [M - PF6]+ 1113.4426; found 1113.4409; calcd. 

for [2M - PF6]+ 2371.8507; found 2371.8563. 
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Synthesis of [(tbbpy)2Ru(etbbim)](PF6)2 (Ruetbbim) 

 

In a 100 mL round bottom flask 40.4 mg (57.1 µmol, 1 eq.) [(tbbpy)2RuCl2] and 15.2 mg (58.4 µmol, 

1.02 eq.) etbbim were suspended in a mixture of 30 mL ethanol and 10 mL water. After refluxing at 

85 °C for 40 h, the solution turned from violet to red and most of the solvent was then removed using 

a rotary evaporator. Subsequently the solution was cooled to room temperature and 130 mg NH4PF6 

(0.798 mmol, 14 eq.), dissolved in 4 mL H2O, were added dropwise, resulting in the formation of an 

orange precipitate, which was filtered and washed two times with water (10 mL each) and diethylether 

(10 mL each). Afterwards the product was dissolved away from the frit into a round bottom flask using 

CH2Cl2; evaporation of the solvent yielded 57 mg (48 µmol, 84 %) of the pure product as a red solid. 

1H-NMR (CD3CN, 400 MHz):  = 8.49 (d, J = 1.9 Hz, 2H3), 8.42 (d, J = 2.0 Hz, 2H3´), 8.08 (d, J = 6.1 Hz, 

2H6´), 7.95 (d, J = 6.1 Hz, 2H6), 7.76 (dt, J = 8.4, 0.8 Hz, 2Hd), 7.51-7.44 (m, 4Hc/5), 7.41 (dd, J = 6.1, 2.0 Hz, 

2H5´), 7.18 (ddd, J = 8.4, 7.3, 1.0 Hz, 2Hb), 5.89 (dt, J = 8.3, 0.8 Hz, 2Ha), 5.03-4.88 (m, 4He), 1.48 (s, 

18HtBu/tBu´), 1.38 (s, 18HtBu/tBu´). 

13C-NMR (CD3CN, 101 MHz):  = 163.20, 162.53, 160.61, 158.26, 154.06, 153.88, 144.22, 143.41, 

135.90, 126.88, 126.14, 125.61, 124.64, 122.09, 121.74, 117.21, 113.97, 44.21, 36.25, 36.11, 30.46, 

30.43. 

HRMS (MALDI-FT-ICR, [M] = C52H60F12N8P2Ru): calcd. for [M - PF6]+ 1043.3641; found 1043.3637; calcd. 

for [2M - PF6]+ 2231.6938; found 2231.6920; calcd. for [3M - PF6]+ 3420.0234; found 3420.0159. 
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Synthesis of [(tbbpy)2Ru(dmbbim)](PF6)2 (Rudmbbim) 

 

In a 100 mL round bottom flask 40.5 mg (57.1 µmol, 1 eq.) [(tbbpy)2RuCl2] and 15.4 mg (58.7 µmol, 

1.03 eq.) dmbbim were suspended in 30 mL ethanol and 10 mL water. After refluxing the violet 

reaction mixture for 18 h at 85 °C, a red solution was obtained which was concentrated by evaporation 

of ethanol. Afterwards 145 mg NH4PF6 (0.890 mmol, 15.6 eq.) were dissolved in 4 mL water and added 

dropwise to the solution. The red precipitate was filtered off and washed two times with water (10 mL 

each) and diethylether (10 mL each). Afterwards the red solid was dissolved away from the frit into a 

round bottom flask using CH2Cl2 and after evaporation of the solvent 53 mg (44.5 µmol, 78 %) of the 

pure product were obtained. 

1H-NMR (CD3CN, 400 MHz):  = 8.49 (d, J = 2.0 Hz, 2H3), 8.39 (d, J = 2.0 Hz, 2H3´), 7.78 - 7.73 (m, 4H6/d), 

7.66 (d, J = 6.0 Hz, 2H6´), 7.51 - 7.43 (m, 4H5/c), 7.29 (dd, J = 6.0, 2.0 Hz, 2H5´), 7.08 - 7.04 (m, 2Hb), 5.63 

(d, J = 8.4 Hz, 2Ha), 4.39 (s, 6He), 1.46 (s, 18HtBu/tBu´), 1.35 (s, 18H tBu/tBu´). 

13C-NMR (CD3CN, 101 MHz):  = 163.37, 162.40, 159.49, 157.85, 152.87, 152.67, 147.20, 142.48, 

138.29, 127.15, 126.00, 125.40, 125.03, 122.31, 121.89, 116.55, 113.69, 36.52, 36.29, 36.08, 30.44, 

30.37. 

HRMS (MALDI-FT-ICR, [M] = C52H62F12N8P2Ru): calcd. for [M - PF6]+ 1045.3798; found 1045.3773; calcd. 

for [2M - PF6]+ 2235.7251; found 2235.7197. 
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8. Crystallographic Information (Figures S36-S41 and Tables S9-S14) 

 

Table S9: Crystal data and structure refinement for prbim.   
Empirical formula  C6.67H7.33Cl2N2.67  

Formula weight  195.72  

Temperature/K  149.97  

Crystal system  monoclinic  

Space group  P21/c  

a/Å  10.8818(6)  

b/Å  9.9900(5)  

c/Å  12.8170(6)  

α/°  90  

β/°  113.2790(16)  

γ/°  90  

Volume/Å3  1279.90(11)  

Z  6  

ρcalcg/cm3  1.524  

μ/mm-1  0.698  

F(000)  600.0  

Crystal size/mm3  0.39 × 0.228 × 0.102  

Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  4.074 to 52.742  

Index ranges  -13 ≤ h ≤ 13, -12 ≤ k ≤ 12, -16 ≤ l ≤ 16  
Reflections collected  17609  

Independent reflections  2626 [Rint = 0.0653, Rsigma = 0.0386]  

Data/restraints/parameters  2626/0/164  

Goodness-of-fit on F2  1.035  

Final R indexes [I>=2σ (I)]  R1 = 0.0586, wR2 = 0.1293  

Final R indexes [all data]  R1 = 0.0728, wR2 = 0.1411  

Largest diff. peak/hole / e Å-3  0.82/-1.07  
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Figure S36: ORTEP-depiction of prbim (thermal ellipsoiods are drawn at the 50% probability level). 

Crystal data for prbim: C6.67 H7.33 Cl2 N2.67, Mr = 195.72 g mol-1, clear light-yellow plate, 0.102 x 0.228 x 

0.390 mm3, monoclinic, space group P21/c, a = 10.8818(6) Å, b = 9.9900(5) Å, c =12.8170(6) Å, α =90°, 
 = 113.2790(16)°, γ = 90°, V = 1279.90(11) Å3, T = 149.97 K, Z = 6, ρcalcd. = 1.524 Mg/m3, 

μ(Mo-Kα) = 0.698 mm-1, F(000) = 600.0, altogether 17609 reflexes up to h(-13/13), k(-12/12), l(-16/16) 

measured in the range of 4.074° ≤ 2Θ ≤ 52.742°, completeness = 100 %, 2626 independent reflections, 
Rint = 0.0653, 164 parameters, 0 restraints, R1obs = 0.0586, wR2obs = 0.1293, R1all = 0.0728, wR2all = 

0.1411, GOOF = 1.035, largest difference peak and hole: 0.82/-1.07 e∙Å-3. CCDC 1980657 contains the 

supplementary crystallographic data for this paper. These data are provided free of charge by the joint 

Cambridge Crystallographic Data Centre and Fachinformationszentrum Karlsruhe Access Structures 

service www.ccdc.cam.ac.uk/structures. 
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Table S10 Crystal data and structure refinement for prbbim.  

 

Empirical formula  C17H14N4  

Formula weight  274.32  

Temperature/K  149.97  

Crystal system  orthorhombic  

Space group  Pbca  

a/Å  13.2624(7)  

b/Å  8.2337(3)  

c/Å  24.6460(12)  

α/°  90  

β/°  90  

γ/°  90  

Volume/Å3  2691.3(2)  

Z  8  

ρcalcg/cm3  1.354  

μ/mm-1  0.084  

F(000)  1152.0  

Crystal size/mm3  0.422 × 0.334 × 0.2  

Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  4.512 to 55.708  

Index ranges  -17 ≤ h ≤ 17, -10 ≤ k ≤ 10, -32 ≤ l ≤ 32  
Reflections collected  26083  

Independent reflections  3204 [Rint = 0.0584, Rsigma = 0.0282]  

Data/restraints/parameters  3204/0/190  

Goodness-of-fit on F2  1.129  

Final R indexes [I>=2σ (I)]  R1 = 0.0440, wR2 = 0.1047  

Final R indexes [all data]  R1 = 0.0778, wR2 = 0.1374  

Largest diff. peak/hole / e Å-3  0.18/-0.22  
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Figure S37: ORTEP-depiction of prbbim (thermal ellipsoiods are drawn at the 50% probability level). 

Crystal data for prbbim: C17 H14 N4, Mr = 274.32 g mol-1, clear light yellow fragment, 0.200 x 0.334 x 

0.422 mm3, orthorhombic, space group Pbca, a = 13.2624(7) Å, b = 8.2337(3) Å, c = 24.6460(12) Å, 

α = 90°,  = 90°, γ = 90°, V = 2691.3(2) Å3, T = 149.97 K, Z = 8, ρcalcd. = 1.354 Mg/m3, 

μ(Mo-Kα) = 0.084 mm-1, F(000) = 1152.0, altogether 26083 reflexes up to h(-17/17), k(-10/10),  

l(-32/32) measured in the range of 4.512° ≤ 2Θ ≤ 55.708°, completeness = 99.9 %, 3204 independent 

reflections, Rint = 0.0584, 190 parameters, 0 restraints, R1obs = 0.0440, wR2obs = 0.1047, R1all = 0.0778, 

wR2all = 0.1374, GOOF = 1.129, largest difference peak and hole: 0.18/-0.22 e∙Å-3. CCDC 1980656 

contains the supplementary crystallographic data for this paper. These data are provided free of charge 

by the joint Cambridge Crystallographic Data Centre and Fachinformationszentrum Karlsruhe Access 

Structures service www.ccdc.cam.ac.uk/structures. 
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Table S11: Crystal data and structure refinement for etbim.   
Empirical formula  C8H8N4  

Formula weight  160.18  

Temperature/K  150.01  

Crystal system  monoclinic  

Space group  P21/n  

a/Å  6.4363(5)  

b/Å  12.0632(8)  

c/Å  9.3655(7)  

α/°  90  

β/°  90.641(4)  

γ/°  90  

Volume/Å3  727.11(9)  

Z  4  

ρcalcg/cm3  1.463  

μ/mm-1  0.096  

F(000)  336.0  

Crystal size/mm3  0.178 × 0.151 × 0.088  

Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  5.506 to 56.668  

Index ranges  -8 ≤ h ≤ 8, -16 ≤ k ≤ 16, -12 ≤ l ≤ 12  
Reflections collected  10796  

Independent reflections  1815 [Rint = 0.0409, Rsigma = 0.0280]  

Data/restraints/parameters  1815/0/109  

Goodness-of-fit on F2  1.031  

Final R indexes [I>=2σ (I)]  R1 = 0.0395, wR2 = 0.0969  

Final R indexes [all data]  R1 = 0.0462, wR2 = 0.1032  

Largest diff. peak/hole / e Å-3  0.30/-0.34  
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Figure S38: ORTEP-depiction of etbim (thermal ellipsoiods are drawn at the 50% probability level). 

Crystal data for etbim: C8 H8 N4, Mr = 160.18 g mol-1, clear pinkish block, 0.088 x 0.151 x 0.178 mm3, 

monoclinic, space group P21/n, a = 6.4363(5) Å, b = 12.0632(8) Å, c = 9.3655(7) Å, α = 90°,  =90.641(4)°, 

γ = 90°, V = 727.11(9) Å3, T = 150.01 K, Z = 4, ρcalcd. = 1.463 Mg/m3, μ(Mo-Kα) = 0.096 mm-1, F(000) = 

336.0, altogether 10796 reflexes up to h(-8/8), k(-16/16), l(-12/12) measured in the range of 5.506° ≤ 
2Θ ≤ 56.668°, completeness = 99.7 %, 1815 independent reflections, Rint = 0.0409, 109 parameters, 

0 restraints, R1obs = 0.0395, wR2obs = 0.0969, R1all = 0.0462, wR2all = 0.1032, GOOF = 1.031, largest 

difference peak and hole: 0.30/-0.34 e∙Å-3. CCDC 1980655 contains the supplementary crystallographic 

data for this paper. These data are provided free of charge by the joint Cambridge Crystallographic 

Data Centre and Fachinformationszentrum Karlsruhe Access Structures service 

www.ccdc.cam.ac.uk/structures. 
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Table S12: Crystal data and structure refinement for etbbim.  
Identification code  AM18078_0m  

Empirical formula  C16H12N4  

Formula weight  260.30  

Temperature/K  150.03  

Crystal system  orthorhombic  

Space group  C2221  

a/Å  4.7220(3)  

b/Å  12.1061(6)  

c/Å  21.2186(15)  

α/°  90  

β/°  90  

γ/°  90  

Volume/Å3  1212.96(13)  

Z  4  

ρcalcg/cm3  1.425  

μ/mm-1  0.089  

F(000)  544.0  

Crystal size/mm3  0.28 × 0.163 × 0.072  

Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  6.732 to 52.76  

Index ranges  -5 ≤ h ≤ 5, -14 ≤ k ≤ 14, -26 ≤ l ≤ 26  
Reflections collected  4672  

Independent reflections  1237 [Rint = 0.0485, Rsigma = 0.0426]  

Data/restraints/parameters  1237/0/91  

Goodness-of-fit on F2  1.069  

Final R indexes [I>=2σ (I)]  R1 = 0.0465, wR2 = 0.1228  

Final R indexes [all data]  R1 = 0.0512, wR2 = 0.1281  

Largest diff. peak/hole / e Å-3  0.38/-0.32  

Flack parameter -0.8(10) 
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Figure S39: ORTEP-depiction of etbbim (thermal ellipsoiods are drawn at the 50% probability level). 

Crystal data for etbbim: C16 H12 N4, Mr = 260.03 g mol-1, clear colorless block, 0.072 x 0.163 x 0.280 

mm3, orthorhombic, space group C2221, a = 4.7220(3) Å, b = 12.1061(6) Å, c = 21.2186(15) Å, α =90°, 
 =90°, γ = 90°, V = 1212.96(13) Å3, T = 150.03 K, Z = 4, ρcalcd. = 1.425 Mg/m3, μ(Mo-Kα) = 0.089 mm-1, 

F(000) = 544.0, altogether 4672 reflexes up to h(-5/5), k(-14/14), l(-26/26) measured in the range of 

6.732° ≤ 2Θ ≤ 52.76°, completeness = 100 %, 1237 independent reflections, Rint = 0.0485, 91 

parameters, 0 restraints, R1obs = 0.0465, wR2obs = 0.1228, R1all = 0.0512, wR2all = 0.1281, GOOF = 1.069, 

largest difference peak and hole: 0.38/-0.32 e∙Å-3. CCDC 1980654 contains the supplementary 

crystallographic data for this paper. These data are provided free of charge by the joint Cambridge 

Crystallographic Data Centre and Fachinformationszentrum Karlsruhe Access Structures service 

www.ccdc.cam.ac.uk/structures. 
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Table S13: Crystal data and structure refinement for dmbbim.  
Empirical formula  C16H14N4  

Formula weight  262.31  

Temperature/K  150.01  

Crystal system  monoclinic  

Space group  P21/n  

a/Å  6.3858(7)  

b/Å  5.7253(5)  

c/Å  16.9553(16)  

α/°  90  

β/°  94.638(4)  

γ/°  90  

Volume/Å3  617.87(10)  

Z  2  

ρcalcg/cm3  1.410  

μ/mm-1  0.088  

F(000)  276.0  

Crystal size/mm3  0.184 × 0.162 × 0.038  

Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  4.82 to 52.756  

Index ranges  -7 ≤ h ≤ 7, -7 ≤ k ≤ 7, -21 ≤ l ≤ 21  
Reflections collected  5845  

Independent reflections  1258 [Rint = 0.0482, Rsigma = 0.0358]  

Data/restraints/parameters  1258/0/92  

Goodness-of-fit on F2  1.065  

Final R indexes [I>=2σ (I)]  R1 = 0.0388, wR2 = 0.0922  

Final R indexes [all data]  R1 = 0.0502, wR2 = 0.1016  

Largest diff. peak/hole / e Å-3  0.20/-0.28  
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Figure S40: ORTEP-depiction of dmbbim (thermal ellipsoiods are drawn at the 50% probability level). 

Crystal data for dmbbim: C16 H14 N4, Mr = 262.31 g mol-1, clear colorless fragment, 0.038 x 0.162 x 

0.184 mm3, monoclinic, space group P21/n, a = 6.3858(7) Å, b =5.7253(5) Å, c = 16.9553(16) Å, α =90°, 
 = 94.638(4)°, γ = 90°, V = 617.87(10) Å3, T = 150.01 K, Z = 2, ρcalcd. = 1.410 Mg/m3,  

μ(Mo-Kα) = 0.088 mm-1, F(000) = 276.0, altogether 5845 reflexes up to h(-7/7), k(-7/7), l(-21/21) 

measured in the range of 4.82° ≤ 2Θ ≤ 52.756°, completeness = 99.8 %, 1258 independent reflections, 
Rint = 0.0482, 92 parameters, 0 restraints, R1obs = 0.0388, wR2obs = 0.0922, R1all = 0.0502, wR2all = 

0.1016, GOOF = 1.065, largest difference peak and hole: 0.20/-0.28 e∙Å-3. CCDC 1980653 contains the 

supplementary crystallographic data for this paper. These data are provided free of charge by the joint 

Cambridge Crystallographic Data Centre and Fachinformationszentrum Karlsruhe Access Structures 

service www.ccdc.cam.ac.uk/structures. 
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Table S14: Crystal data and structure refinement for Ruprbim. 
  
Empirical formula  C47H63F12N8O0.5P2Ru  

Formula weight  1139.06  

Temperature/K  149.98  

Crystal system  triclinic  

Space group  P1  

a/Å  12.6488(5)  

b/Å  13.8071(6)  

c/Å  16.8260(8)  

α/°  113.1313(18)  

β/°  96.869(2)  

γ/°  95.7894(18)  

Volume/Å3  2647.5(2)  

Z  2  

ρcalcg/cm3  1.429  

μ/mm-1  0.440  

F(000)  1174.0  

Crystal size/mm3  0.383 × 0.227 × 0.103  

Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  4.232 to 54.952  

Index ranges  -16 ≤ h ≤ 16, -17 ≤ k ≤ 17, -21 ≤ l ≤ 21  
Reflections collected  77127  

Independent reflections  24170 [Rint = 0.0652, Rsigma = 0.0629]  

Data/restraints/parameters  24170/9/1224  

Goodness-of-fit on F2  1.048  

Final R indexes [I>=2σ (I)]  R1 = 0.0435, wR2 = 0.1007  

Final R indexes [all data]  R1 = 0.0565, wR2 = 0.1106  

Largest diff. peak/hole / e Å-3  0.91/-0.69  

Flack parameter 0.47(2) 
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Figure S41: ORTEP-depiction of Ruprbim (thermal ellipsoiods are drawn at the 50% probability level). 

Crystal data for Ruprbim: C47 H63 F12 N8 O0.5 P2 Ru, Mr = 262.31 g mol-1, clear red fragment, 0.103 x 0.227 

x 0.383 mm3, triclinic, space group P1, a = 12.6488(5) Å, b =13.8071(6) Å, c = 16.8260(8) Å, 

α = 113.1313(18)°,  = 96.869(2)°, γ = 95.7894(18)°, V = 2647.5(2) Å3, T = 149.98 K, Z = 2, 

ρcalcd. = 1.429 Mg/m3, μ(Mo-Kα) = 0.440 mm-1, F(000) = 1174.0, altogether 77127 reflexes up to h(-

16/16), k(-17/17), l(-21/21) measured in the range of 4.232° ≤ 2Θ ≤ 54.952°, completeness = 100 %, 

24170 independent reflections, Rint = 0.0652, 1224 parameters, 9 restraints, R1obs = 0.0435, 

wR2obs = 0.1007, R1all = 0.0565, wR2all = 0.1106, GOOF = 1.048, largest difference peak and hole: 0.91/-

0.69 e∙Å-3. CCDC 1980658 contains the supplementary crystallographic data for this paper. These data 

are provided free of charge by the joint Cambridge Crystallographic Data Centre and 

Fachinformationszentrum Karlsruhe Access Structures service www.ccdc.cam.ac.uk/structures. 
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9. 1H- and 13C-NMR spectra of the synthesized compounds (Figures S42-S70) 

 

 

 
Figure S42: 1H-NMR spectrum of prbim in CDCl3 (NMR solvent residual peak at 7.26 ppm). 

 

 

 

 
Figure S43: 13C-NMR spectrum of prbim in CDCl3 (NMR solvent residual peak at 77.16 ppm). 
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Figure S44: 1H-NMR spectrum of prbbim in CD2Cl2 (NMR solvent residual peak at 5.32 ppm). 

 

 

 

 
Figure S45: 13C-NMR spectrum of prbbim in CD2Cl2 (NMR solvent residual peak at 54.00 ppm). 
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Figure S46: 1H-NMR spectrum of prtmbbim in CD2Cl2 (NMR solvent residual peak at 5.32 ppm). 

 

 

 

 
Figure S47: 13C-NMR spectrum of prtmbbim in [D6]DMSO with one additional drop of TFA (NMR solvent 

residual peak at 39.52 ppm and TFA associated peaks centered at roughly 159 and 115 ppm). 
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Figure S48: 1H-NMR spectrum of etbim in CDCl3 (NMR solvent residual peak at 7.26 ppm). 

 

 

 

 
Figure S49: 13C-NMR spectrum of etbim in CDCl3 (NMR solvent residual peak at 77.16 ppm). 
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Figure S50: 1H-NMR spectrum of etbbim in [D6]DMSO (NMR solvent residual peak at 2.50 ppm, residual 

water originating from the NMR solvent at 3.35 ppm). 

 

 

 

 
Figure S51: 13H-NMR spectrum of etbbim in [D6]DMSO (NMR solvent residual peak at 39.52 ppm). 
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Figure S52: 1H-NMR spectrum of dmbbim in CD2Cl2 (NMR solvent residual peak at 5.32 ppm). 

 

 

 

 
Figure S53: 13C-NMR spectrum of dmbbim in CD2Cl2 (NMR solvent residual peak at 54.00 ppm). 
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Figure S54: 1H-NMR spectrum of Ruprbim in CD3CN (NMR solvent residual peak at 1.94 ppm; further 

impurities at 5.44 ppm, 2.89 and 2.77 ppm, 2.16 ppm and 2.08 ppm can be associated with CH2Cl2, 

DMF, H2O and acetone, respectively). 

 

 
Figure S55: H,H-COSY spectrum of Ruprbim in CD3CN. 

 



 

S68 

 
Figure S56: 13C-NMR spectrum of Ruprbim in CD3CN (NMR solvent residual peaks at 118.26 ppm and 

1.32 ppm). 

 

 

 

 
Figure S57: 1H-NMR spectrum of Ruprbbim in CD3CN (NMR solvent residual peak at 1.94 ppm). 
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Figure S58: H,H-COSY spectrum of Ruprbbim in CD3CN. 

 

 

 
Figure S59: 13C-NMR spectrum of Ruprbbim in CD3CN (NMR solvent residual peak at 118.26 ppm). 
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Figure S60: 1H-NMR spectrum of Ruprtmbim in CD3CN (NMR solvent residual peak at 1.94 ppm; the 

peaks at 2.21 ppm and 2.77 and 2.88 ppm can be assigned to H2O and DMF, respectively). 

 

 

 
Figure S61: H,H-COSY spectrum of Ruprtmbbim in CD3CN between 7.2 and 8.8 ppm. 
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Figure S62: 13C-NMR spectrum of Ruprtmbbim in CD3CN (NMR solvent residual peak at 118.26 ppm). 

 

 

 

 
Figure S63: 1H-NMR spectrum of Ruetbbim in CD3CN (NMR solvent residual peak at 1.94 ppm). 
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Figure S64: H,H-COSY spectrum of Ruetbbim in CD3CN. 

 

 

 
Figure S65: 13C-NMR spectrum of Ruetbbim in CD3CN (NMR solvent residual peak at 118.26 ppm). 
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Figure S66: 1H-NMR spectrum of Rudmbbim in CD3CN (NMR solvent residual peak at 1.94 ppm; the 

peak at 2.16 ppm can be associated to H2O). 

 

 
Figure S67: H,H-COSY spectrum of Rudmbbim in CD3CN. 
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Figure S68: 13C-NMR spectrum of Rudmbbim in CD3CN (NMR solvent residual peak at 118.26 ppm). 

 

 

 

 
Figure S69: Stacked 13C-NMR spectra of Rudmbbim (1), Ruetbbim (2), Ruprtmbbim (3), Ruprbbim (4) 

and Ruprbim (5) in CD3CN. 
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Figure S70: Stacked 13C-NMR spectra (aliphatic region) of Rudmbbim (1), Ruetbbim (2), Ruprtmbbim 

(3), Ruprbbim (4) and Ruprbim (5) in CD3CN. The peaks marked with a square can be assigned to the 

CH2-groups (spectra 2-5) or the CH3-group (spectrum 1) directly bound to the b(b)im N-atoms, the 

peaks marked with a triangle can be ascribed to the carbon atoms of the tBu groups of the tbbpy ligands 

(smaller peaks at higher ppm values correspond to the quartenary C-atoms of the tBu groups). The 

peaks highlighted with the filled circle correspond to the carbon atom of the central methylene unit of 

the propylene protection group and the peak marked with a star represents the bbim bound methyl 

groups of the prtmbbim ligand. 
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10. Mass spectra of the five Ru complexes (Figures S71-S89) 
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Figure S71: Obtained mass spectrum of Ruprbim. 
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Figure S72: Expanded mass spectrum of Ruprbim showing the [M-PF6]+ peak. 
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Figure S73: Simulated mass spectrum of the [M-PF6]+ peak of Ruprbim. 
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Figure S74: Expanded mass spectrum of Ruprbim showing the [2M-PF6]+ peak. 
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Figure S75: Simulated mass spectrum of the [2M-PF6]+ peak of Ruprbim. 
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Figure S76: Obtained mass spectrum of Ruprbbim. 
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Figure S77: Expanded mass spectrum of Ruprbbim showing the [M-PF6]+ peak. 
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Figure S78: Simulated mass spectrum of the [M-PF6]+ peak of Ruprbbim. 
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Figure S79: Expanded mass spectrum of Ruprbbim showing the [2M-PF6]+ peak. 
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Figure S80: Simulated mass spectrum of the [2M-PF6]+ peak of Ruprbbim. 
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Figure S81: Obtained mass spectrum of Ruprtmbbim. 
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Figure S82: Expanded mass spectrum of Ruprtmbbim showing the [M-PF6]+ peak. 
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Figure S83: Simulated mass spectrum of the [M-PF6]+ peak of Ruprtmbbim. 
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Figure S84: Obtained mass spectrum of Ruetbbim. 
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Figure S85: Expanded mass spectrum of Ruetbbim showing the [M-PF6]+ peak. 
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Figure S86: Simulated mass spectrum of the [M-PF6]+ peak of Ruetbbim. 
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Figure S87: Obtained mass spectrum of Rudmbbim. 
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Figure S88: Expanded mass spectrum of Rudmbbim showing the [M-PF6]+ peak. 
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Figure S89: Simulated mass spectrum of the [M-PF6]+ peak of Rudmbbim. 
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