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Abstract 

Over the course of evolution, Nature has elegantly learned to use light to drive 

endergonic chemical reactions. On the other hand, humans have only recently started 

learning how to play with and harness this powerful tool to carry out challenging 

chemical transformations. In particular, a great leap forward was made with the advent 

of molecules and materials that are able to absorb light and exploit it to trigger a series 

of energy or electron transfer processes that can drive chemical transformations. 

However, heavy metals or scarce elements have so far been extensively employed in 

the design of most of these compounds and considerations on their scarcity and toxicity 

have sparked interest on the development of alternatives based on earth-abundant 

elements. In this framework, the focus of this thesis has therefore been the 

development and employment of heavy-metal free chromophores as photosensitizers 

and of earth-abundant oxides as photoanodes. 

Indeed, the first part of this thesis regards the functionalization of boron-

dipyrromethene (BODIPY) derivatives so as to allow access to their triplet excited 

state and to simultaneously tune their redox potentials, which was achieved thanks to 

the design of orthogonal donor-acceptor dyads. The use of BODIPY dyads to promote 

photoredox reactions was demonstrated by carrying out C-C coupling in the presence 

of a palladium catalyst, and the mechanism of the reaction was clarified. 

In the second part of the thesis, fully organic chromophores that display thermally-

activated delayed fluorescence (TADF) were studied. These were used as  

photosensitizers to perform enantioselective allylation of aldehydes in the presence of 

a chiral nickel catalyst, and a mechanistic investigation allowed to elucidate the fate 

of the photosensitizer in the reaction conditions. Thanks to their stronger reducing 

power compared to BODIPY derivatives, it was possible to demonstrate the 

employability of TADF dyes as photosensitizers in artificial photosynthesis for the 

reduction of CO2 to CO and HCOOH in the presence of a manganese catalyst, as well. 

Last, the oxidation of biomass-derived compounds was studied at the anodic side of a 

photoelectrochemical cell. For this purpose, hematite photoanodes were synthesized 

in collaboration with Prof. Caramoriôs group at the University of Ferrara (Italy) and 
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they were tested for the oxidation of biomass-derived compounds in the presence of a 

redox mediator. In addition to this, the possibility of repurposing a copper(II) water 

oxidation catalyst for the oxidation of biomass was investigated in collaboration with 

Prof. Llobetôs group at the Institut Catal¨ dôInvestigació Química (Spain). 
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1. Chapter I : Introduction  

Since the beginning of the industrial revolution our Planet has suffered from an 

insatiable large-scale exploitation of its natural resources, with several negative 

consequences on the health of its ecosystems. 

For example, overexploitation of the environment is leading to the loss of biodiversity, 

deforestation and the depletion of critical resources such as minerals and oil. 

Moreover, the burning of fossil fuels has led to a strong increase in the atmospheric 

concentration of greenhouse gases, consequently causing a rise in global temperatures 

which is driving an increase in extreme weather events1. The past three years I spent 

completing the PhD are quite representative of all of these problems. In fact, besides 

the world facing a pandemic, we have also experienced unprecedented heatwaves, 

droughts and, more closely concerning this thesis, an energy crisis. 

All of this calls for a reflection on the limits of our Planet and pushes for a change in 

our supply and consumption models, that should prioritize the sustainability of our 

material and energy provisions2. In fact, Nature is not designed for a linear expenditure 

of its resources and is able to constantly regenerate itself thanks to a set of cycles (for 

instance: carbon, nitrogen, water or oxygen) that are only fueled by the light that comes 

from the Sun, which is considered an abundant and inexhaustible energy source. 

1.1 Photosensitizers 

Partly reproduced from ñDesign of BODIPY dyes as triplet photosensitizers: electronic 

properties tailored for solar energy conversion, photoredox catalysis and photodynamic 

therapyò (Chem. Sci., 2021, 12, 6607ï6628) with permission from the Royal Society of 

Chemistry 

 

In order for Nature to be able to exploit electromagnetic radiation, a rich variety of 

light-absorbing molecules have appeared over the course of evolution and, given that 

the role of these molecules is that of promoting (or sensitizing) chemical reactions by 

use of light, they have been called photosensitizer (PS). The most famous ones among 

this class of compounds are certainly chlorophylls, which are responsible for light 
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absorption in leaves. However, since they only absorb blue and red light3, nature has 

cleverly coupled them with molecules that are able to absorb complementary regions 

of the visible spectrum, such as carotenoids4. 

On the other hand, humans have only recently started to learn how to handle luminous 

energy and our tools still have much room for improvement. In fact, the earliest 

photosensitizers that were able to absorb visible light mostly consisted in 

organometallic species that contained heavy metals and rare elements, such as 

ruthenium and iridium5. Considerations regarding these elementsô scarcity on the 

Earthôs crust and their toxicity consequently led to the development of compounds that 

contain more Earth abundant elements, but drawback regarding supply, efficiency or 

toxicity still exist6. An alternative to metal complexes is that of using organic 

compounds which, however, need to be carefully engineered in order to possess all the 

requirements to be efficient photosensitizers. 

In Nature, photosensitizers are carefully spatially organized so as to minimize 

excitation energy losses. This is achieved thanks to the presence of proteins, which 

form a scaffold7 that is able to closely position chromophores so as not to require long-

lived excited states. However, this level of complexity has not been reached yet 

artificially and bimolecular interactions in solution are often exploited, which 

necessitates the photosensitizerôs excited state to be quite long-lived. 

Indeed, ground states of organic compounds usually do not contain any unpaired 

electrons, meaning that they have a closed-shell configuration and that their ground 

state is singlet in character (S0). Upon absorption of a photon of suitable energy, an 

electronic transition can take place, leading to the population of a singlet excited state 

(Sn). Non-radiative deactivation (internal conversion) rapidly follows if this excited 

state is not the lowest singlet excited state (S1). Typically, S1 in organic compounds 

will  then deactivate back to S0 either non-radiatively or radiatively (fluorescence). 

However, since fluorescence lifetimes are usually in the range of 10-10-10-8 s8, 

intercepting S1 states before they reach the ground state is difficult. Consequently, 

different strategies have been devised in order to populate the longer-living triplet 

excited state in organic compounds9,10 and, in this way, more efficiently intercept the 

photosensitizer while in its excited state (Figure 1.1). 
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Figure 1.1 Jablonski diagram representing the main photophysical processes in an organic 

compound. 

Unfortunately, the transition that is needed in order to populate the desired triplet state 

(intersystem crossing, ISC) is forbidden by selection rules8 because of the different 

spin possessed by the initial and final states. Yet, the spin selection rule is valid only 

to the extent to which spin and orbital functions can be rigorously separated. In fact, 

the selection rule is relaxed and the rate of ISC is strongly increased by spinïorbit 

coupling (SOC), namely the interaction of electron spin with the orbital magnetic 

moment11. 

One option that is commonly used to increase SOC is by use of heavy atoms, since 

spin-orbit coupling is directly proportional to Z4, where Z is the atomic number. The 

presence of halogen atoms, particularly iodine or bromine in an organic molecule 

strongly increases the spinïorbit coupling by heavy atom effect, particularly when the 

heavy halogen atom is part of the chromophoric unit11. As an example, while 

fluorescein is a recognized fluorescence standard (ūFLUO = 97%)12, the fluorescence 

quantum yield for erythrosine B, its iodinated counterpart, is only 8%12, and this 

indicates that the rate of ISC is high enough to efficiently compete with fluorescence. 

A second option that makes triplet excited states accessible is that of designing 

scaffolds containing strongly twisted donor and acceptor moieties13. In this way, 

singlet and/or triplet excited states possess a charge-transfer character and different 

mechanisms exist that enable ISC to the triplet state. One of them is spin-orbit charge-

transfer intersystem crossing (SOCT-ISC), which requires the donor and acceptor units 

to be orthogonal one compared to the other14. An in-depth discussion on this 

mechanism and related examples based on the boron-dipyrromethene unit can be 
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found in Chapter II. In a similar situation, if the donor and the acceptor are separated 

by a linker, then radical-pair intersystem crossing (RP-ISC) is presumed to be active. 

Moreover, a twisted donor-acceptor structure generally guarantees that the overlap 

between the HOMO and LUMO orbitals is limited and this reduces the singlet-triplet 

energy gap (ȹES1-T1), which is also beneficial for increasing the intersystem crossing 

rate (kISC) according to the following proportion9. 

Ὧ ᶿ
ρ

ɝὉ
 

One last relevant strategy to increase SOC is that of inducing a twist in aromatic 

structures. In fact, the intersystem crossing efficiency for fullerene is almost unitary15, 

whereas that of graphene, which has a planar structure, is negligible. Interestingly, this 

approach has been recently applied to boron-dipyrromethene derivatives16,17 and 

perylene bisimides, as well18. 

SOC is not the only useful mechanism to promote ISC. Hyperfine interaction, i.e. the 

magnetic interactions between electronic and nuclear spins, is also an alternative 

mechanism which is particularly important in the case of radical centers well separated 

in space or biradicals where SOC is not operative11. Another possibility is that 

provided by singlet fission, which consists in a spin-allowed process that leads to the 

formation of two correlated triplet states possessing a net singlet character that upon 

dissociation yield two free triplet states19. 

Besides intersystem crossing, there are more requirements that need to be met for a 

compound to be a good photosensitizer. 

First of all, its absorption spectrum should present broad bands that cover the whole 

visible spectrum and the molar absorption coefficient should be as high as possible. In 

fact, only in this way, light can be absorbed with the maximum efficiency. Given that 

reaction conditions of photosensitized processes obviously include irradiation, the 

photostability of these compounds is also an important parameter to consider, together 

with their chemical stability. Moreover, depending on the mechanism of the 

photosensitized reaction (see section 1.2 for mechanistic details) the reduced form of 

the photosensitizer (PSως) or the oxidized one (PSω+) must also be chemically and 

photochemically stable. 
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Finally, for the sake of completeness, alternatives to organic photosensitizers have also 

been proposed. One is the use of colloidal nanomaterials20,21, whose absorption can be 

tuned based on their dimensions, and another one is the use of semiconducting 

materials, which will be discussed in Chapter IV. 

1.2 Photoredox catalysis 

Catalysis is generally defined as the increase in the rate of a chemical reaction that 

arises from the presence of a compound called catalyst which is not consumed during 

the course of the reaction. In Nature, the role of catalysts is commonly played by 

enzymes that have evolved in order to optimize both reactionsô rate and their 

selectivity. Although this field of chemistry historically mainly concerned the study of 

metals or metal complexes22,23, humans have recently learned how to develop organic 

catalysts as well24.  

Another step forward was taken with the advent of photocatalysis, which consists in 

the utilization of a light-absorbing molecule that is able to promote a chemical reaction. 

Thanks to the energy possessed by the absorbed photons, besides making a 

thermodynamically favored reaction faster, it is also possible to carry out reactions 

whose Gibbs free energy is greater than zero, as illustrated in Figure 1.2. 

 

Figure 1.2 Schematic representation of a thermodynamically allowed (A) or forbidden (B) reaction 

from reagents R to products P under irradiation (yellow lines) or in the dark (green lines). 

Whereas the first photochemical reactions mostly consisted in the irradiation of 

substrates (typically colorless organic compounds) with UV light25, the development 

of photosensitizers (PS) enabled the employment of less harmful visible light and the 

avoidance of substrates photodegradation. Indeed, photosensitizers can be selectively 

excited and, once in their excited state, they can activate other species present in 

solution either via electron or energy transfer events on the condition that they possess 
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a sufficiently long-lived excited state (Figure 1.3). In particular, in the event of an 

electron transfer, *PS can be quenched oxidatively (leading to PSω+) or reductively 

(leading to PSως) depending on the redox properties of *PS. 

 

Figure 1.3 Possible mechanisms involving an energy transfer (left) or an electron transfer (right) 

between a photosensitizer (PS) and a generic compound A. 

In fact, in the case of a photoinduced electron transfer (photoredox catalysis) (Figure 

1.3), the advantage of using a photosensitizer lies in the fact that the photosensitizerôs 

excited state (*PS) is both a stronger oxidant and a stronger reductant compared to the 

ground state (PS). As can be seen in Figure 1.4B, when an electron is promoted from 

the HOMO to the LUMO, removal of this electron requires less energy compared to 

when the molecule is in its ground state. Similarly, introduction of an extra electron is 

more favored when the molecule is in its excited state compared to when it is in the 

ground state (Figure 1.4B). Considerations on the properties of a photoredox sensitizer 

both in its excited and ground states are therefore crucial to obtain the desired 

reactivity, in addition to the requirements described in Section 1.1. Given the ability 

of absorbing visible light, populating the triplet state and possessing favorable redox 

potentials, ruthenium and iridium polypyridyl complexes have been extensively 

investigated in the field of photoredox catalysis26. However, more recently, the more 

sustainable and cost-effective approach of using organic photosensitizers has also 

begun to be commonly applied in photoredox reactions as well27ï29. 
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Figure 1.4 Orbital representation of changes in ionization potentials (IP) and electronic affinity (EA) 

of a molecule upon excitation. 

In an attempt at combining the progress made in metal-mediated catalysis with that of 

photoredox catalysis, several synthetic protocols employing a photosensitizer coupled 

to a dark catalytic cycle have been reported in recent times30. For instance, organic 

photosensitizers have been coupled with nickel31, copper32, gold33, palladium34, iron35, 

and titanium36. In fact, an electron transfer event between a PS and a catalyst that 

would be endergonic in the dark, can become exergonic upon light excitation and this 

can be exploited in order to modify the oxidation state of organometallic species 

(Figure 1.5A). Alternatively, thanks to the use of sacrificial electron donors or 

acceptors, it is possible to photogenerate PSÅï or PSÅ+, which can then in turn go on to 

reduce or oxidize the catalyst (Figure 1.5B). 
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Figure 1.5 Possible interactions between a photosensitizer (PS) and a metal catalyst (M) or a 

sacrificial molecule (S). 

Last, this type of synergistic interactions between photosensitizers and catalysts (called 

metallaphotoredox catalysis) additionally facilitates the control of enantioselectivity. 

In fact, radical species, which are typical of photoredox catalysis, can be intercepted 

for example by chiral organometallic compounds which can catalyze the formation of 

enantioenriched products as shown in Chapter III37. 

1.3 Artificial photosynthesis 

The depletable nature of fossil fuels and the release of enormous amounts of CO2 into 

the atmosphere (about 34 Gt/year)38 upon their combustion have prompted mankind 

to devise systems for solar energy accumulation. Indeed, it is now possible to 

transform solar energy into thermal energy, and it is also possible to store the 

electricity generated by solar panels thanks to the development of batteries39. Another 

less established option is that of converting solar energy into chemical energy, which 

is the strategy adopted by Nature. 

Plants, alongside other organisms, are indeed able to efficiently transform CO2 and 

water into O2 and carbohydrates thanks to a set of chemical reactions that are initiated 

by the absorption of photons. In the first step, light-absorbing structures containing 

chlorophylls capture photons, which initiate a series of electron transfer events that 
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lead to charge separation in a second structure called reaction center. Water oxidation 

at the oxygen-evolving complex and reduction of NADP+ to NADPH can thus take 

place, inducing a pH difference between the two sides of the membrane in which these 

supramolecular species are located and consequently driving the synthesis of ATP40. 

Artificial photosynthesis therefore originates from the attempt by scientists to seek 

strategies that are able to mimic this complex series of mechanisms and so, by this 

means, store sunlight into fuels. The operating principle of an artificial photosynthetic 

system is very similar to that described in the previous section as regards 

metallaphotoredox catalysis, since an artificial photosynthetic systems must comprise 

at least a photosensitizer (designated to light absorption) and a catalyst (designated to 

carrying out the intended reaction). The difference lies in the fact that there are two 

reactions of interest that should be promoted simultaneously: i) the oxidation of water 

and ii) the reduction of water or CO2
41,42. Moreover, a further complication consists in 

the multi-electron and multi-proton nature of these reactions, as can be seen from the 

following list42: 

Oxidation: 

2 H2O Ą O2 + 4 H+ + 4 e- 

Reduction: 

2 H+ + 2 e- Ą H2 

CO2 + 2 H+ + 2 e- 
Ą CO + H2O 

CO2 + 2 H+ + 2 e- Ą HCO2H 

CO2 + 6 H+ + 6 e- Ą CH3OH + H2O 

CO2 + 8 H+ + 8 e- Ą CH4 + 2 H2O 

In order to investigate such systems PSs and catalysts can be couped with sacrificial 

electron donors or acceptors, which are irreversibly oxidized or reduced to inert 

compounds, respectively (Figure 1.6)43. By this means, it has been possible to focus 

the study on only one of the two half-reactions, facilitating the study of the kinetics of 

the relevant processes as well as of the photo- and chemical stability of the different 

components. In particular, as for the oxidation of water, research has focused on the 

development of catalysts that mimicry the Mn4Ca cluster that is used by Nature, 

reaching efficiencies that even outperform it44,45. On the reduction side, given the 

higher number of possible products, catalyst selectivity has been a widely investigated 



10 

 

aspect20,46,47. A combination of PS, catalyst and sacrificial electron donor will be 

described in this thesis in Chapter III. 

 

Figure 1.6 Schematic representation of three-component systems for the study of reduction (A) or 

oxidation (B) reactions. 

Given that sacrificial reagents are an impractical waste from an environmental and 

economic perspective, the development of integrated devices that are able to carry out 

both reactions is strongly needed. Although some homogeneous systems have been 

reported, the development of heterogeneous ones is more desirable for the 

implementation of an industrial-scale photoreactor given the easier separation of 

products and recycling of materials. One type of such devices consists in 

photoelectrochemical cells (PEC)48ï50 (discussed in Chapter IV), whose different 

designs are shown in Figure 1.7. 

 

Figure 1.7 Different possible designs of PEC devices. 

The first two options (Figure 1.7 A and B) a light-absorbing material (photoelectrode) 

is coupled to a dark electrode. Depending on the type of material, the photoelectrode 

can be used to perform the oxidation reaction (photoanode) or the reduction reaction 

(photocathode). However, one of the disadvantages of this design lies in the fact that 

the energy of only one photon is exploited to generate photocurrent. A more complex 

but potentially more efficient strategy is therefore that of combining a photoanode 

(able of absorbing photons with E=hn) with a photocathode (able of absorbing photons 
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with Eᾳ=hnᾳ) (Figure 1.7C). In fact, this is the same strategy used by Nature, which 

uses a double-excitation system known as Z-scheme51, illustrated in Figure 1.8. 

 

Figure 1.8 Schematic representation of the Z-scheme in the natural photosynthetic system, 

In all of these cases, application of an external bias provided by a photovoltaic module 

is often needed in order to sustain high photocurrents, but the development of PECs 

that are able to work unassisted is currently a topic of research. 

A second challenge that is currently widely studied is that of replacing the water 

oxidation reaction with more useful ones. In fact, water oxidation to O2 is often the 

limiting factor in PECs performances because of i) its sluggish kinetics compared to 

CO2 or H+ reduction, and ii) because of the fact that oxygen is not a commercially 

valuable product. Therefore, alternative oxidation reactions have recently been 

proposed. For example, plastic reforming52 (the breakdown of plastic into organic 

products) has been suggested as an option, as well as with municipal waste 

reforming53,54. Last, the oxidation of biomass-derived compounds, which is covered in 

detail in Chapter IV of this thesis, also holds promise to improve the performances and 

economic viability of PEC devices. 

  



12 

 

  



13 

 

2. Chapter I I : BODIPYs 

Partly reproduced from ñDesign of BODIPY dyes as triplet photosensitizers: electronic 

properties tailored for solar energy conversion, photoredox catalysis and photodynamic 

therapyò (Chem. Sci., 2021, 12, 6607ï6628) with permission from the Royal Society of 

Chemistry, and ñMeso-2-MethoxyNaphthalenyl-BODIPY as Efficient Organic Dye for 

Metallaphotoredox catalysisò (doi.org/10.1002/cctc.202201380, © 2022Wiley-

VCHGmbH) 

2.1 Introduction  

BODIPYs (abbreviation for boron dipyrromethene, or 4,4-difluoro-4-borata-3a-

azonia-4a-aza-s-indacene) are a class of organoboron compounds characterized by 

high molar absorption coefficients in the visible region (104-105 M-1cm-1) and excellent 

photostability. Moreover, they are generally highly emissive and possess almost 

unitary fluorescence quantum yields. Therefore, thanks to these outstanding 

properties, BODIPY dyes have traditionally been employed as fluorescent sensors55 

and labels56. However, a great interest has recently emerged for BODIPY dyes that 

exhibit efficient intersystem crossing from S1 to T1
57, since coupling of the above-

mentioned favourable optical properties with population of their long-lived triplet state 

will allow to expand their applicability to fields such as photodynamic therapy58 or 

photocatalysis59,60.  

Among triplet-populating BODIPY dyes, those comprising two iodine atoms directly 

connected to the BODIPY core (Figure 2.1) were the first ones to be proposed61 and, 

so far, the most widely used. In fact, I 2-BDP has a molar absorption coefficient (110 

000 M-1cm-1 at ˂ ABS= 534 nm) similar to that of BDP (120 000 M-1cm-1 at ˂ ABS = 502 

nm), but displays a much lower fluorescence quantum yield (ūFLUO= 2%) compared 

to BDP (ūFLUO= 70%) and is able to generate singlet oxygen with a quantum yield 

1.34 times higher than the benchmark photosensitizer Rose Bengal thanks to a very 

efficient heavy-atom effect.  

The field has also more recently moved on to the development of two new classes of 

triplet-populating BODIPYs, namely dyads and dimers. In the case of dimers, two 

parent BODIPY units are coupled together covalently and intersystem crossing can be 
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favoured by either symmetry-breaking charge transfer states62 or singlet fission63 to 

produce singlet oxygen with quantum yields up to ca. 50% in the case of BDP-BDP64 

(Figure 2.1). However, this class of dyes is the least explored one and detailed studies 

on the exact mechanisms that lead to the population of the triplet state are still needed. 

Another strategy to induce triplet population in BODIPYs is that of constructing dyads, 

which consist in a boron dipyrromethene unit covalently linked with an electron-

donating one. This class of dyes and their applications will be discussed in greater 

detail in the following sections.  

It is finally worth mentioning that thiophene-fused BODIPYs65ï67 and, very recently, 

twisted BODIPYs16,17 have been reported as efficient triplet sensitizers as well, and 

development of these novel classes of BODIPY dyes are expected in the future. 

 

Figure 2.1 Timeline with representative examples of the types of BODIPY dyes and their main 

photophysical properties. 
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2.2 BODIPY dyads 

As described in the introduction to this chapter, an innovative strategy to access the 

triplet state of otherwise fluorescent BODIPY dyes is that of building a dyad 

constituted by an electron-donating unit (D) orthogonally and covalently linked to an 

electron-accepting one (A)11. 

This geometry can be easily obtained by using the standard procedure for the synthesis 

of boron dipyrromethene derivatives which consists in an acid-catalyzed condensation 

of two pyrrolic units with an aldehyde followed by oxidation and insertion of the BF2 

unit, as schematized in Figure 2.2. If the aldehyde of the chosen electron-donating unit 

and 2,4-dimethyl pyrrole are used, then one obtains a dyad in which the orthogonal 

geometry is guaranteed by the steric hindrance brought about by the presence of 

methyl groups around the BODIPY core, as demonstrated by X-ray diffraction68 and 

computational studies on the rotational barrier between the two units69. 

 

Figure 2.2 Standard procedure for the synthesis of BODIPY derivatives. 

Given this characteristic 90° geometry, the donor and the acceptor are weakly coupled 

and absorption of photons with suitable energies can populate the locally-excited 

lowest singlet excited states (S1) of either A (see arrow «1'» in Figure 2.3) or D (arrow 

«1a»). When the donorôs singlet excited state is higher in energy compared to the 

BODIPY one, efficient energy transfer from D to A quickly follows («1b»). Once S1 

of BODIPY is populated, a photoinduced electron transfer (PeT) from D to A can 
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occur («2»), resulting in the formation of a charge-transfer singlet excited state (1CT) 

from which it is possible to access the long-lived triplet excited states of either D or A 

(T1) thanks to a charge recombination process. For this latter process, two mechanisms 

are possible: radical-pair intersystem crossing (RP-ISC) («3a»), which populates 3CT 

at fi rst and then T1, or direct population of T1 by spinïorbit charge transfer intersystem 

crossing (SOCT-ISC) («3'»). 

 

Figure 2.3 Jablonski diagram representing the most important steps in the formation of the triplet 

state in BODIPY dyads. ABS= absorption; ET= energy transfer; PeT= photoinduced electron 

transfer; ISC= intersystem crossing; RP-ISC= radical-pair ISC; SOCT-ISC= spin-orbit charge-

transfer ISC; IC= internal conversion; PHOS= phosphorescence. 

The radical-pair intersystem crossing (RP-ISC)70 is effective when the two radical 

centers are well-separated in space by the presence of a linker, so that the electronic 

exchange interaction between the donor and the acceptor is minimized and the energy 

gap between 3CT and 1CT becomes very small. The hyperfine interaction between the 

electronic and nuclear spins favors intersystem crossing between these two charge-

transfer states and, once 3CT is populated, spin-allowed charge recombination can 

selectively produce the lowest triplet excited state of A or D, depending on which one 

lies lower in energy(«3b» in Figure 2.3). This mechanism has been widely used in the 

design of artificial charge separation systems that mimic photosynthetic reaction 

centers71,72. 
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The spinïorbit charge transfer intersystem crossing (SOCT-ISC)13,73 is favored by a 

high degree of charge separation, perpendicular orientation of the orbitals involved in 

the charge transfer, and a larger magnitude of the electronic coupling between the 

donor and acceptor. This situation is facilitated by direct linkage of the donor and 

acceptor moieties in an orthogonal arrangement. Thanks to their perpendicular 

orientation, the change in spin multiplicity is accompanied by a change in the orbital 

angular momentum which facilitates ISC to form directly T1. 

For example, Nagano's group reported BDP-Ph(OMe)374 (Figure 2.4), whose 

fluorescence quantum yield is significantly reduced due to the above-mentioned 

photoinduced electron transfer from the electron-donating trimethoxybenzene moiety 

to the electron accepting BODIPY core. BDP-Ph(OMe)3 is also able to generate 

singlet oxygen75, suggesting that the recombination of the charge-transfer state 

populates the long-lived triplet excited state located on the BODIPY core. 

If we compare dyads comprising different electron-rich moieties combined with the 

same BODIPY core (Figure 2.4 and Table 2.1)74ï77, we can notice that the lower-

energy absorption band and the fluorescence band are unaffected by the nature of the 

donating unit and no charge-transfer band is observed in UV-Vis spectra, implying 

that no significant electronic coupling exists between the two moieties in the ground 

state. Quantum yields of singlet oxygen formation are, conversely, dependent on the 

electron-donating ability of the meso substituent and the solvent polarity. Indeed, an 

increase of the solvent polarity or electron-donating ability of the substituent is 

expected to stabilize the CT state. Whereas the ūȹ of BDP-PTZ is 67% in apolar 

toluene, that of BDP-ANPh is just 10% and its ūFLUO is 81%: photoinduced electron 

transfer is rather inefficient in this solvent for BDP-ANPh, which features a less 

electron donating unit (ANPh) compared to PTZ. On the other hand, ūȹ of BDP-

ANPh increases to 95% in more polar DCM solution. 



18 

 

 

Figure 2.4 BODIPY dyads characterized by the same BODIPY core and different electron-donating 

units. 

Molecule 
lmax

ABS 

(nm) 

lmax
FLUO 

(nm) 
FFLUO FD E(A/AÅς)a E(AÅ+/A)a 

BDP-Ph(OMe)3 
74,75 503b 514b 0.5%b 36%b -1.21c 

+1.11; 

+1.29c 

BDP-ANPh76 506d 518d 
1%d 

81%e 

95%d 

10%e 
-1.20d +1.24d 

BDP-PTZ77 502d 510d 2.7%d 67%e -1.23d 
+0.82; 

+1.30d 

Table 2.1 Photophysical and electrochemical properties of BODIPY dyads containing different 

electron-donating groups. aV vs. SCE. bIn THF. cIn MeCN. dIn DCM. eIn toluene. 

On the contrary, it is interesting to analyze the photophysical properties of a series of 

pyrene-BODIPY dyads in which the number of alkyl substituents on the BODIPY core 

ranges from zero to six (Figure 2.5 and Table 2.2)68. Stokes shift is small for all 

compounds, except for BDP-Pyr, which is characterized by a considerably lower 

fluorescence quantum yield. The larger Stokes shift observed for BDP-Pyr is 

consistent with the formation of an emissive charge-transfer state. Singlet oxygen 

quantum yields can reach values of 0.75 but ūȹ declines with the number of alkyl 

groups present on the BODIPY core. Alkylation, in fact, increases the electronic 

density of the BODIPY core and moves the CT state to higher energies, and this 

induces a reduction of the PeT efficiency. 
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Figure 2.5 BODIPY dyads characerized by the same electron-donating unit and different BODIPY 

cores. 

Molecule 
lmax

ABS 

(nm) 

lmax
FLUO 

(nm) 
FFLUO FD 

BDP-Pyr68 503 660 0.3% 75% 

R2-BDP-Pyr68 512 511, 652 1.7% 25% 

R4-BDP-Pyr68 502 511 65.1% 34% 

R6-BDP-Pyr 68 534 542 69.5% 4% 

Table 2.2 Photophysical properties of pyrene-BODIPY dyads with increasing degree of alkylation, in 

EtOH. 

The energy of the CT state, in relation to the energy of S1 and T1 states of the BODIPY 

core, is a crucial parameter to maximize the efficiency of T1 population, as described 

in detail in a recent paper on BODIPY dyads73. In order to maximize the efficiency of 

T1 population (Figure 2.6 A, blue lines), the spin-forbidden charge recombination 

from 1CT to T1 (CRT1) should be as fast as possible, i.e. an activationless process at 

the top of the Marcus parabola, while the free energy associated to the recombination 

from 1CT to S0 (ȹG(CRS0)) should be so negative that the process lies in the Marcus 

inverted region, and its kinetics is slow (Figure 2.6 B, blue points). Contrarily, if the 

initially -formed charge transfer state 1CT were located at lower energy values (Figure 

2.6 A, yellow lines), the free energies associated to both charge recombination 

processes (ȹG(CRS0) and ȹG(CRT1)) would decrease. The kinetic constant for charge 

recombination to the ground state could then increase and compete with the 

recombination to the triplet excited state (Figure 2.6 B, yellow points): this would be 

detrimental for the efficient population of the triplet state. In order to adjust the energy 

of 1CT in donorïacceptor dyads it is therefore necessary to choose electron-donating 

and accepting units with appropriate redox properties. Alternatively, one can tune the 

energy of the charge-transfer state by changing the solvent polarity. 
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Figure 2.6 A) Jablonski diagram illustrating the main processes taking place in a dyad. B) Marcus 

diagram showing their  relative kinetics. 

One last remark regards the electrochemical properties of this class of dyes. Since the 

electron donor and the electron acceptor units are electronically decoupled, redox 

potentials of BODIPY dyads correspond to those of the constituent units and can be 

assigned by comparison with appropriate model compounds. Reduction potentials of 

dyads BDP-Ph(OMe)374, BDP-ANPh76 and BDP-PTZ77 are similar (Table 2.1) and 

have been ascribed to the one-electron reduction of the BOIDPY core. BDP-ANPh 

shows one oxidation at +1.24 V vs. SCE76, attributed to the oxidation of 

phenylanthracene*, and BDP-PTZ at +0.82 V vs. SCE (imputed to phenothiazine) and 

one at +1.30 V vs. SCE (attributed to BODIPY)77.  

2.2.1 Photophysical and electrochemical 

characterization 

Based on these premises, we decided to synthesize BDP-NPT, R6-BDP-NPT and R6-

BDP-ANT (see Figure 2.7 and section 6.1 for synthetic details) and characterize them 

from a photophysical and electrochemical point of view. 

 
*Although the oxidation that occurs at +1.24 V vs. SCE has been attributed by authors to 

phenylanthracene, that of the BODIPY unit is located in close proximity and a safe attribution is 

difficult. 
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Figure 2.7 Structures of the studied compounds. 

BDP-NPTôs absorption spectrum is dominated by a slightly-structured narrow band 

centered at 502 nm which is typical of the S0ĄS1 electronic transition in BODIPY 

derivatives (Figure 2.9A and B). At this wavelength, the molar absorption coefficient 

is Ů = 91700 M-1cm-1 which is much higher than that of commonly-used [Ru(bpy)3]
2+ 

(13000 M-1cm-1 at 452 nm in MeCN). In addition, the absorption spectrum of the dyad 

shows the contribution of the naphthalene unit (250-350 nm), with absorption bands 

slightly shifted compared to the model compound 2-methoxynaphthalene. Therefore, 

the electronic interaction between the two chromophoric units of the dyad is limited, 

in accordance with the orthogonal geometry between the electron donating unit and 

the BODIPY core. This is also supported by computational calculations performed in 

Prof. Fabrizia Negriôs group, which show that molecular orbitals are strongly localized 

on the BODIPY and naphthalene units, and that in the optimized ground state geometry 

the angle between the two units is close to 90° (Figure 2.8).  

 

Figure 2.8 A) Shapes of the frontier molecular orbitals of BDP-NPT. B) Ground state geometry of 

BDP-NPT optimized with MeCN-M06-2X/6-311G* level of theory; (left) BODIPY core; (right) 2-

methoxy naphthalene unit. 
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Moreover, although 2-methoxynaphthalene is fluorescent (‗ = 350nm), excitation 

of the naphthyl group in the dyad only yields emission from the BODIPY core and the 

excitation spectrum performed at the emission maximum of the BODIPY core matches 

the absorption spectrum of the dyad, which indicates that energy transfer between 

these two units takes place and it is quantitative (Figure 2.9C). The fluorescence 

spectrum is specular to the lowest absorption band and the Stokes shift is small, 

indicating nested S1 and S0 states. BDP-NPTôs fluorescence has been measured to 

have a quantum yield of 60% and the quantum yield for the sensitization of singlet 

oxygen (1O2) is 27%, which means that the dyad is able to populate its long-lived triplet 

excited state (T1). Since no phosphorescence was detected in either degassed solutions 

or at 77 K, the lifetime of T1 was determined by transient absorption spectroscopy and 

is equal to 48 ms (Figure 2.10). 

 

Figure 2.9 A) Normalized absorption spectra of BDP-NPT (green) and 2-methoxynaphthalene (blue) 

in MeCN. B) Normalized fluorescence spectra in MeCN of BDP-NPT with ɚexc= 480nm (green); 

BDP-NPT with ɚexc= 280nm (dashed line) and 2-methoxynaphthalene (blue, ɚexc= 310nm). C) 

Absorption (green) and excitation spectra (ɚem= 535 nm, black) of BDP-NPT in MeCN. 
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Figure 2.10 A) Transient absorption matrix of BDP-NPT in degassed MeOH, lexc: 532nm. B) 

Corresponding decay profile at 600nm. 

Additionally, electrochemical characterization revealed that both oxidation (+1.15 V 

vs. SCE) and reduction (-1.15 V vs. SCE) processes are chemically reversible, which 

is beneficial for the employment of BDP-NPT as a photosensitizer in catalytic cycles 

(Figure 2.11). These redox potentials are comparable with those previously reported 

for the sole BODIPY core and further confirm the fact that the two units are 

electronically decoupled78. 

 

Figure 2.11 Cyclic voltammetry of BDP-NPT 0.8mM in degassed MeCN. WE: glassy carbon disk; 

quasi-RE: Ag wire; CE: Pt wire, scan rate: 1 V/s; supporting electrolyte: TEAPF6 0.1M; internal 

standard: ferrocene. Ferroceneôs peak has been grayed out for clarity. 

Given the desirable properties displayed by BDP-NPT and in order to develop a more 

strongly reducing photosensitizer, we decided to position two ethyl groups around the 

BODIPY core in the hopes of pushing the reduction potential of the dyad to more 

negative values. The absorption spectrum of R6-BDP-NPT is red-shifted by 23 nm 
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(‗ = 525 nm) compared to that of BDP-NPT and in the range of 250-350 nm it is 

possible to observe the peaks due to the naphthyl moiety in this derivative, as well 

(Figure 2.12A). Efficient energy transfer between 2-methoxynaphthalene and the 

BODIPY core is present in this dyad, too; in fact, upon excitation of the naphthyl unit, 

only emission from BODIPY is observed (Figure 2.12B). The emission spectrum is 

specular to the absorption one and also appears red-shifted (‗ = 543 nm). 

However, the fluorescence quantum yield of R6-BDP-NPT has been measured as 

91%, which is considerably higher compared to that of BDP-NPT and no singlet 

oxygen was detected, indicating that this dyad is not able to populate its triplet excited 

state. In fact, its high fluorescence quantum yield indicates that photoinduced electron 

transfer from the 2-methoxynaphthyl group to the BODIPY core does not take place 

because of the increased electron density on the BODIPY core, consequently blocking 

the CT-state-mediated mechanism that leads to the population of T1.  

 

Figure 2.12 A) Normalized absorption spectra of R6-BDP-NPT (green) and 2-methoxynaphthalene 

(blue) in MeCN. B) Normalized fluorescence spectra in MeCN of R6-BDP-NPT with ɚexc= 450nm 

(green); R6-BDP-NPT with ɚexc= 294nm (dashed line) and 2-methoxynaphthalene (blue, ɚexc= 

310nm). 

Indeed, in the cyclic voltammetry of R6-BDP-NPT both the oxidative process (+1.02 

V vs. SCE) and the reductive one (-1.24 V vs. SCE) are cathodically shifted compared 

to those of BDP-NPT (Figure 2.13). 
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Figure 2.13 Cyclic voltammetry of R6-BDP-NPT 1mM in degassed MeCN. WE: glassy carbon disk; 

quasi-RE: Ag wire; CE: Pt wire, scan rate: 0.7 V/s; supporting electrolyte: TEAPF6 0.1M; internal 

standard: ferrocene. Ferroceneôs peak has been grayed out for clarity. 

We therefore reasoned that changing the donor group with a better donating one could 

make the photoinduced electron transfer feasible and therefore activate the mechanism 

that allows for ISC crossing to happen, meanwhile keeping a cathodically-shifted 

reduction potential. Given the lower oxidation potential of anthracene compared to 2-

methoxynaphthalene12, we synthesized R6-BDP-ANT . Conclusions drawn from the 

photophysical characterization of the two previously-described dyads can be largely 

applied to R6-BDP-ANT , too. The absorption spectrum shows a peak at 527 nm, 

typical of  the BODIPY core comprising the two additional ethyl groups, and some 

smaller peaks between 330-400 nm, typical of the anthracene unit (Figure 2.14). 

Fluorescence (‗ = 542 nm) presents a quantum yield of 56% and that for the 

production of singlet oxygen is 33%, which means that the photoinduced electron 

transfer is possible in this dyad and this leads to the population of T1.  
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Figure 2.14 A) Normalized absorption spectra of R6-BDP-ANT (green) and anthracene (blue) in 

MeCN. B) Normalized fluorescence spectra in MeCN of R6-BDP-ANT with ɚexc= 486nm (green); R6-

BDP-ANT with ɚexc= 387nm (dashed line) and anthracene (blue, ɚexc= 338nm). 

Finally, electrochemical characterization of this third dyad demonstrated that both 

oxidation (+0.98 V vs. SCE) and reduction  processes (-1.22 V vs. SCE) take place at 

potentials similar to those observed for R6-BDP-NPT, proving that the donor and 

acceptor units of the dyads are efficiently decoupled and that it is possible to improve 

the reductive power of BODIPYs while maintaining access to the triplet state (Figure 

2.15). 

 

Figure 2.15 Cyclic voltammetry of R6-BDP-ANT 0.5 mM in degassed MeCN. WE: glassy carbon 

disk; quasi-RE: Ag wire; CE: Pt wire, scan rate: 0.5 V/s; supporting electrolyte: TEAPF6 0.1M; 

internal standard: ferrocene. Ferroceneôs peak has been grayed out for clarity. 
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Molecule 
lmax

ABS 

(nm) 

lmax
FLUO 

(nm) 
FFLUO

a FDb E(A/AÅς)c E(AÅ+/A)c 

BDP-NPT 502 515 60% 27% -1.15 +1.15 

R6-BDP-NPT 525 543 91% n.d. -1.24 +1.02 

R6-BDP-ANT  527 542 56% 33% -1.22 +0.98 

Table 2.3 Summary of the main photophysical and electrochemical properties of the studied 

compounds in MeCN. aMeasured using fluoresceine in NaOH 0.1M (FFLUO= 95%) as the standard12. 
bMeasured using [Ru(bpy)3]2+ in MeCN (FD= 57%) as the standard79. cDegassed solutions. 

2.2.2 Applications 

As mentioned in the introduction to this chapter, BODIPY dyes have only recently 

started to be applied in the field of photoredox catalysis thanks to the development of 

derivatives that are able to populate their long-lived triplet excited state. Moreover, 

given that iodinated BODIPYs are the type of triplet-populating BODIPYs that have 

been known the longest, this is almost exclusively the only class to have been applied 

for this purpose. For example, I 2-BDP-Ph has been used to carry out ATRA 

reactions80, I 2-BDP-Mes has been applied for solar-driven H2O reduction to 

hydrogen81, and various halogenated derivatives have been employed in oxidations 

mediated by O2
Åï 82ï84. 

As regards the use of BODIPY-based dyads, only a few examples of their utilization 

as photosensitizers in photodynamic therapy have been reported85, where their ability 

of populating the triplet state is exploited to generate toxic singlet oxygen which 

induces cellsô death. However, given the photophysical and electrochemical properties 

of BODIPY dyads discussed so far we reasoned that they could be employed as 

photosensitizers to promote photoredox transformations, as well. In fact, their high 

molar absorption coefficient in the green region of the visible spectrum, great 

photostability, population of the triplet state and tunable redox potentials makes them 

interesting candidates for the replacement of photosensitizers based on scarce heavy 

metals, such as commonly-used Ru(II) polypyridyl complexes. Moreover, only one 

example has been so far reported regarding the utilization of a BODIPY derivative in 

tandem with a nickel catalyst86, although the photosensitizer is a fluorescent one and 

thus has the disadvantage of a very short excited state lifetime. 
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Based on these premises, we investigated the possible role of BDP-NPT dyad as 

photosensitizer to carry out a CïC bond formation reaction in the presence of a 

palladium catalyst. In fact, up until now, this has been an unexplored field for this class 

of compounds and, to the best of our knowledge, this is the first example in which a 

BODIPY dyad is used as a photosensitizer in photoredox catalysis and in which a 

triplet-populating BODIPY is employed in metallaphotoredox catalysis. 

We started our investigation by selecting the reaction described by Sanford et al. in 

2011,87 which can be considered the first application of photoredox catalysis in 

combination with transition metal catalysis and can be used to benchmark new 

photosensitizers for metallaphotoredox reactions promoted by palladium. This 

reaction consists in a Pd(II)/Pd(IV) C-H arylation in the presence of a diazonium salt 

and of [Ru(bpy)3]
2+ as the photosensitizer, as shown in Figure 2.16. 

 

Figure 2.16 Optimized reaction conditions from Sanford et al. work (ref. 87). 

We first performed optimization of the reaction conditions for the transformation of 2-

(o-tolyl)pyridine (1a) as the model substrate (Figure 2.17 and Table 2.4). First of all, 

absence of light or absence of BDP-NPT leads to the formation of only small amounts 

of the C-C product as reported for [Ru(bpy)3]
2+,87 demonstrating the fundamental 

presence of a photosensitizer. In addition, MeOH was found to be the optimal solvent 

to carry out this reaction, while other solvents were found to be unsuitable. Palladium 

sources different from Pd(OAc)2 were also found to be inactive for the reaction, and 

the minimum concentration needed for the BODIPY dye was found to be 2.5 mol%. 
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Figure 2.17 Optimized reaction conditions. 

 
Deviation from standard 

conditions 
Conversion (%) Entry 

 none >99(72)a  

Blank experiments 

no light 16 1 

no BDP-NPT 16 2 

no Pd(OAc)2 0 3 

Optimization of 

photosensitizerôs 

concentration 

BDP-NPT, 2.5 mol% 85 4 

BDP-NPT, 1 mol% 21 5 

Optimization of 

substrates concentration 
2a, 2 equivalents 50 6 

Optimization of 

irradiation conditions 

Kessil Green Led (40W) >99 7 

60 h irradiation time >99b 8 

Optimization of solvent 

DMF instead of MeOH 17 9 

DMSO instead of MeOH 48 10 

CH3CN instead of MeOH 0 11 

Optimization of 

palladium source 

Pd(PPh3)4 instead of Pd(OAc)2 0 12 

PdCl2(PPh3)2 instead of Pd(OAc)2 0 13 

Table 2.4 Reactions performed in double on 0.1mmol, conversions determined by 1H-NMR. aIsolated 

yield after chromatographic purification in parenthesis. bReaction performed with 1a = 0.1 M; the 

reaction shows the presence of unidentified byproducts in crude 1H-NMR, although the conversion 

was complete. 

With the optimized reaction conditions in our hands, we explored the scope of the 

reaction first by varying the nature of the diazonium compounds (Figure 2.18), and 

then by testing differently substituted pyridines and other scaffolds (Figure 2.19). In 

the case of 2e, we have also isolated 4c in 11% yield due to a successive SNAr reaction 
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of solvent (MeOH) with 2e. In the case of pyrimidine derivative (1g), we have also 

observed the double insertion of the aryl group. 

 

Figure 2.18 Tested diazonium salts. 
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Figure 2.19 Tested pyridines and scaffolds. 

The photophysical characterization of BDP-NPT was performed in the optimized 

reactionôs solvent and does not significantly differ from the above-described results in 

MeCN (see Table 2.5). 

Solvent 
lmax

ABS 

(nm) 

lmax
FLUO 

(nm) 
FFLUO

a FDb 

MeCN 502 515 60% 27% 

MeOH 502 513 67% 14% 

Table 2.5 Photophysical characterization of BDP-NPT in MeCN and MeOH. 

The mechanistic study was performed by monitoring the change in the emission 

intensity of singlet oxygen of BDP-NPT solutions upon addition of each one of the 

species present in the reaction mixture (Figure 2.20A). In fact, the presence of a 

quencher decreases the intensity of 1O2 emission since it competes with energy transfer 

from BDP-NPTôs T1 to ground state molecular oxygen. The biggest change was 
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observed in the presence of 2a, which can quench T1 quantitatively. This is also able 

to partially quench BDP-NPTôs fluorescence (Figure 2.20B), thanks to the very high 

concentration of this species in the reaction conditions. On the contrary, all other 

species present in the reaction did not significantly change 1O2 emission intensity or 

the lifetime of BDP-NPTôs S1 excited state (Figure 2.20C).  

 

Figure 2.20 A) Normalized values for singlet oxygen emission sensitized by BDP-NPT before and 

after the addition of different quenchers in MeOH:MeCN (1:1, v/v). B) Fluorescence emission of 

BDP-NPT before (green) and after (blue) the addition of 2a (0.13M), ɚEXC: 470 nm, degassed MeOH 

solutions. C) Emission decay profile of BDP-NPT in the absence (green) and presence of different 

quenchers in air-equilibrated MeOH, ɚEXC: 405 nm, ɚEM: 515nm. 

This leads to hypothesize an oxidative quenching of the photosensitizer and the 

reaction mechanism depicted in Figure 2.21. After excitation of BDP-NPT, the 

photosensitizer reduces the diazocompound leading to the formation of an aryl radical 

that is intercepted by a palladacycle-Pd(II) complex (generated by CïH activation of 

the substrate), giving a Pd(III)Aryl intermediate. Oxidation by the photocatalyst of the 

intermediate Pd(III) to the Pd(IV) complex enables the reductive elimination step and 

leads to the formation of the final product, regenerating the Pd(II) complex and the 

photosensitizer in its original form. 
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Figure 2.21 Proposed mechanism for the studied reaction. 

It is finally important to highlight that the photostability of BDP-NPT is crucial during 

a photoredox reaction, as it was proven in this case by monitoring a diluted reaction 

mixture via UV-Vis spectroscopy (Figure 2.22). 

 

Figure 2.22 UV-Vis absorption spectra collected during irradiation with a 525nm LED lamp of a 

diluted reaction mixture. Optical path: 0.2cm; degassed MeOH. Inset: A vs. time at 503nm. 
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3. Chapter III : Organic TADF dyes 

Partly reproduced from ñNickel-Mediated Enantioselective Photoredox Allylation of 

Aldehydes with Visible Lightò (Angew. Chem. Int. Ed. 2022, 61, e202114981; © 2021 

Wiley-VCHGmbH) and ñLight-Induced Access to Carbazole-1,3-dicarbonitrile: A 

Thermally Activated Delayed Fluorescent (TADF) Photocatalyst for Cobalt-Mediated 

Allylationsò (doi.org/10.1021/acs.joc.2c01825, © 2022 The Authors. Published by 

American Chemical Society) 

 

3.1 Intr oduction 

Emissive chromophores usually display either fluorescence or phosphorescence. 

However, a different type of temperature-dependent emission, characterized by the 

same wavelength distribution observed for fluorescence but possessing a longer 

lifetime, was observed for eosin in 1961 by Parker and Hatchard88. This type of 

emission, initially called E-type fluorescence (where E stands for eosin), is better 

known as thermally-activated delayed fluorescence (abbreviated as TADF) and has 

since then been observed in different classes of dyes ranging from transition metal 

complexes89ï91 to fully organic molecules92,93. 

For such a process to be active, the most fundamental requirement is that the energy 

difference between the lowest singlet excited state (S1) and the lowest triplet (T1) 

excited state must be very small (<0.1 eV)92. In fact, only if this condition is met - 

following excitation to S1 («1») and intersystem crossing to T1 («2») - can we observe 

the endothermic process known as reverse intersystem crossing (rISC) that allows to 

repopulate S1 at room temperature («3»). At this point, S1 is then able to deactivate via 

fluorescence («4»), albeit with a delay arising from the previous population of T1 and 

influenced by the kinetic constant for rISC (krISC). 
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Figure 3.1 Jablonski diagram illustrating the steps needed to obtain TADF. 

In order to maximize repopulation of S1, krISC must therefore be high enough to 

efficiently compete with T1ôs non-radiative (kNR) and radiative (kR) deactivation 

constants. Considering that 

Ὧ ᶿὩ Ͻ  

where ȹES-T is the difference between S1 and T1, kB is Boltzmanôs constant and T is 

temperature, one can thus either increase the temperature (indeed the process is 

thermally activated) or decrease ȹES-T. Given that ȹES-T = 2J, with J being the 

exchange energy94, one can therefore design molecules in which this parameter in 

minimized, which can be achieved by reducing the overlap between the highest 

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 

(LUMO). In organic TADF dyes, if these two molecular orbitals are localized on an 

electron rich and an electron poor moiety respectively and these two units are spatially 

separated either by the presence of a bridge or by a twist in the molecular structure, 

then excited states will possess a charge-transfer character and S1 (
1CT) and T1 (

3CT) 

will lie close in energy (Figure 3.1). Indeed, many electron donating (e.g. 

phenoxazine, phenothiazine, carbazole or diphenylamine) and electron accepting 

groups (e.g. benzophenone, anthraquinone, triazine or benzonitrile) have been 

explored as building blocks to develop organic TADFs95. 
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Thanks to these properties, TADF dyes have been extensively studied for the 

development of organic light emitting diodes (OLEDs)96. In fact, if the internal 

quantum efficiency for an OLED device is defined as 

ὍὗὉ
ὲЈ ὩάὭὸὸὩὨ ὴὬέὸέὲί

ὲЈ ὭὲὮὩὧὸὩὨ ὩὰὩὧὸὶέὲί
 

then reverse intersystem crossing allows the IQE to increase from a maximum value 

of 25%, in the case of fluorescent dyes, to a maximum value of 100% in the case of 

TADF dyes. Moreover, TADF dyes have recently started to find applications as 

photosensitizers in the field of photoredox catalysis97. In fact, they are able to absorb 

visible light, they can populate a long-lived excited state and, thanks to the strong 

localization of HOMO and LUMO, their redox potentials can be finely tuned by 

functionalization of their constituting electron rich and poor units. 

3.2 Cyanobenzene derivatives 

A widely studied class of organic TADFs is that made of those comprising one 

cyanobenzene unit as the acceptor and varying numbers of carbazoles or 

diphenylamines as donors (Figure 3.2A). In fact, the steric hindrance that donors 

experience when covalently linked to the central cyanobenzene unit induces a twist in 

the molecular structure that guarantees good separation between HOMO and LUMO 

orbitals. Moreover, the ease of their synthesis98 - which consists in a one-pot 

nucleophilic aromatic substitution (Figure 3.2B) - has led to the report of several 

derivatives with slightly modified donors and acceptors. This has, in turn, led scientists 

to a deeper understanding of the structure-property relationship and has allowed to 

fabricate cyanobenzene dyes with emission colors spanning the whole visible 

spectrum which have been notably used by Adachi et al. in 2012 in OLED devices92.  
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Figure 3.2 A) Common building blocks for the design of cyanobenzene derivatives. B) Synthesis of 

4CzIPN, which is representative for this whole class of dyes. 

Additionally, the strong localization of HOMO and LUMO implies that it is possible 

to independently control the dyesô oxidation and reduction potentials by 

functionalizing the electron donor or acceptor, respectively. For example, if we take 

into consideration cyanobenzene derivatives possessing the same isophthalonitrile 

(IPN) electron accepting group and either carbazole (Cz) or methoxycarbazole 

(MeOCz) as the electron donating group, as in 4CzIPN and 4MeOCzIPN (Figure 

3.3), we can observe that they possess similar reduction potentials (-1.24 and -1.34 V 

vs. SCE) but different oxidation potentials (+1.49 and +1.11 V vs. SCE)98. In fact, the 
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nature of the electron accepting group is the same, but MeOCz is more electron-rich 

than Cz and it is therefore easier to oxidize.  

The opposite consideration can be made for TADF dyes possessing Cz as the donor 

and different cyanobenzene derivatives as the acceptor, as in 4CzIPN and 5CzBN 

(Figure 3.3). Given that the nature of the electron donating group is the same, 

oxidation potentials do not vary greatly (+1.49 and +1.41 V vs. SCE) but reduction 

potentials are influenced by the fact that in 5CzBN there is only one electron-

withdrawing cyano group (-1.52 V vs. SCE) and this makes it more difficult to reduce 

this compound compared to 4CzIPN (-1.24 V vs. SCE)98,99. 

 

Figure 3.3 Structures and redox potentials of 5CzBN, 4CzIPN and 4MeOCzIPN. Potentials reported 

in V vs. SCE. 

Consequently, cyanobenzene dyes have also proved to be useful photoredox 

sensitizers in organic photocatalysis because they are able to couple visible-light 

absorption with tunable redox potentials97. One additional advantage of using TADF-

displaying dyes is that the E00 used to determine the excited state redox potentials is 

that of the singlet state, and therefore the loss of excitation energy is minimized6. By 

choosing the appropriate electron donating and electron accepting units, it is therefore 

possible to design the appropriate photosensitizer for the intended chemical reaction. 

3.2.1 Photophysical and electrochemical 

characterization 

The dyes that were taken into consideration for this thesis are: 5CzBN, 3CzClIPN, 

4CzIPN, 3DPAFIPN and 4DPAIPN (Figure 3.4). 
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Figure 3.4 Structured of the studied photosensitizers. 

These cyanobenzene based dyes were synthesized (see section 6.1) and characterized 

both photophysically and electrochemically in order to evaluate their suitability as 

photosensitizers. 

Figure 3.5 shows the absorption spectra of the organic compounds measured in DMA. 

All compounds present broad absorption bands in visible region attributable to charge-

transfer transitions from the electron donating diphenylamine (DPA) or carbazolyl 

(Cz) moieties to the electron accepting cyanobenzene unit. The wavelengths of 

absorption onsets increase in the order of 4DPAIPN > 3DPAFIPN > 4CzIPN > 

3CzClIPN > 5CzBn. One of the reasons for longer absorption wavelength of 

4DPAIPN and 3DPAFIPN is the more electron-rich nature of DPA units compared 

to Cz units, which leads to a destabilization of the HOMO, resulting in smaller E00 

excitation energies. For example, 4DPAIPN displays an absorption maxima at lABS = 

470 nm, compared to the analogous 4CzIPN, which has an absorption maxima at lABS 

= 430 nm. Besides charge-transfer bands, in 3CzClIPN, 4CzIPN and 5CzBN a second 

absorption band around 330 nm is also visible and is attributable to the presence of 

electron-donor centered transitions, in view of its increasing intensity upon the 

increase in the number of carbazolyl moieties present in the photosensitizer. 
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Figure 3.5 UV-vis absorption spectra of the organic compounds in DMA (4DPAIPN: red, 

3DPAFIPN: blue, 5CzBn: black, 4CzIPN: orange, 3CzClIPN: green). 

These compounds also display emission in the visible region (Figure 3.6). Upon 

deaeration of the solutions, emission intensity increases although its shape is not 

affected, which is indicative of the fact that the TADF mechanism is active. Indeed, if 

emission intensity increased because of phosphorescence, the energy of the emission 

spectrum would change due to the fact that we would be observing a different 

electronic transition, namely T1ĄS0. The fact that no change is observed indicates that 

the emission is due to the transition S1ĄS0, exactly as prompt fluorescence. As an 

example, the emission intensity of 4DPAIPN displays a 4-fold increase upon 

degassing the cuvette with 5 freeze-pump-thaw cycles (Figure 3.7). 

 

Figure 3.6 Emission spectra in DMA. (4DPAIPN: red, 3DPAFIPN: blue, 5CzBn: black, 4CzIPN: 

orange, 3CzClIPN: green) 
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Figure 3.7 (A) Emission intensity of 4DPAIPN in a degassed DMA solution (solid line) and in air-

equilibrated DMA (dashed line); ˂EXC: 430 nm. (B) Corresponding normalized emission spectra; gray 

dashed line: degassed solution; red solid line: air-equilibrated solution. 

Moreover, two lifetimes are observed while collecting time-resolved emission 

measurements. The short components (in the range of ns) are attributed to prompt 

fluorescence, while the longer components (in the range of µs) are due to TADF 

fluorescence. 

The photophysical properties of the organic compounds in DMA are summarized in 

Table 3.1. 

  4DPAIPN 3DPAFIPN 5CzBn 4CzIPN 3CzClIPN 

e 

(103Mï1cmï1) 

(440 

nm) 
5.29 5.93 0.31 3.88 2.15 

(470 

nm) 
6.5 1.11 0.05 0.42 0.19 

labs (nm) 516 498 454 486 478 

lem (nm) 527 536 515 552 554 

tPF (ns) 2.9 3.6 24 21 13 

tTADF (µs)a 84 43 10 2.1 32 

Fem (%)a 48.9 16 33.9 30 9.9 

Table 3.1 Photophysical properties of the TADF dyes in DMA. aDegassed solution. 

Given the intended use of these compounds in reductive photocatalytic cycles, the 

dyesô reduction potentials were measured as well. Figure 3.8 shows the cyclic 

voltammetries for the first reduction process of these organic photosensitizers. These 

processes appear reversible at a scan rate of 200 mV/s and can be rationalized 

according to the strongly localized nature of the frontier molecular orbitals in these 
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derivatives. Indeed, if we observe the series of carbazolyl derivatives and consider the 

main localization of LUMO on the electron accepting unit, 5CzBN has the most 

negative value because of the most electron-rich accepting unit (only one -CN group). 

On the contrary, 3CzClIPN has the most positive value because of the presence of 

three electron-withdrawing groups (two -CN and one -Cl) on the cyanobenzene unit. 

Similarly, 4DPAIPNôs reduction potential is cathodically shifted compared to that of 

3DPAFIPN because of the substitution of an electron withdrawing fluorine atom with 

a DPA group. 

 

Figure 3.8 Cyclic voltammograms of 4DPAIPN (red line), 3DPAFIPN (blue line), 5CzBn (black 

line), 4CzIPN (orange line), and 3CzClIPN (green line) measured in Ar-saturated DMA containing 

Et4NBF4 (0.1 M) as the supporting electrolyte with a Ag/AgNO3 (10 mM) reference electrode. Scan 

rate was 0.2 V·sï1. Dashed vertical line indicates the first reduction potential of Mn (see section 

3.2.2.2). 

The reduction potentials of the studied photosensitizers are reported in Table 3.2. 

 E(PS/PSÅï) 

4DPAIPN -2.08 

3DPAFIPN -1.94 

5CzBN -1.99 

4CzIPN -1.72 

3CzClIPN -1.61 

Table 3.2 Reduction potentials of the studied TADF derivatives in DMA containing Et4NBF4 (0.1 M) 

in V vs Fc+/Fc. 
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While studying the photophysical properties of 3DPAFIPN, we noticed that upon 

prolonged light irradiation and in the absence of any other species in solution, this 

molecule is able to form the cyclic photoproduct 1 (Figure 3.9). In fact, 3DPAFIPN 

features not only cyano and diphenylamino groups but also a fluorine atom on the 

aromatic core, and fluorobenzenes are known to undergo photoreactions via homolytic 

cleavage of the CīF bond or photosubstitution by nucleophilic attack, generally 

proceeding via electron transfer processes100,101. Three mechanisms can therefore be 

envisioned for this class of fluorinated molecules, which are (i) electron transfer, (ii) 

photonucleophilic substitution, or (iii)  homolysis of the CīF bond102,103. The charge 

transfer nature of the lowest excited state of 3DPAFIPN, with increased electronic 

density on the fluorinated aryl moiety, would assist a mechanism involving an electron 

transfer. However, photonucleophilic substitution is also plausible and discerning 

between these two mechanisms is difficult. On the contrary, the pathway that includes 

the homolytic cleavage of the CīF bond can be excluded on the basis of the insufficient 

energy of the absorbed photons (absorption onset at 480 nm = 60 kcal/mol, Figure 

3.10) compared to that of the CīF bond (127 kcal/mol)104. The same experiment was 

repeated with 4DPAIPN which, as expected for a non-fluorinated compound, did not 

undergo cyclization. 

 

Figure 3.9 Cyclization of 3DPAFIPN into 1. 

3DPAFIPN and 1 were studied from photophysical and electrochemical points of 

view, to analyze and rationalize the effect of cyclization on their electronic properties 

(Table 3.3 and Table 3.4). 

The absorption spectrum of 1 appears to be blue-shifted compared to that of 

3DPAFIPN in terms of absorption onsets (Figure 3.10). The same trend is observed 

in the fluorescence spectra (ɚMAX= 510 nm for 3DPAFIPN and 479 nm for 1, in THF 

at room temperature) (Figure 3.10). In both compounds, two lifetimes are observed in 
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degassed THF solutions at room temperature (Table 3.3). The shorter component, in 

the range of nanoseconds, has been ascribed to prompt fluorescence (ŰPROMPT), while 

the longer one, in the range of microseconds, has been attributed to TADF (ŰTADF). In 

fact, the shape of the emission spectra for both compounds 3DPAFIPN and 1 is not 

affected by the presence of molecular oxygen, thus suggesting that the transition 

responsible for the longer lifetime is the same, namely the radiative deactivation 

S1ŸS0. On the contrary, the emission quantum yield is decreased in air-equilibrated 

solutions due to efficient quenching of the chromophoresô T1 excited state by 

dioxygen, which consequently prevents the thermally activated RISC from undergoing 

the T1 to S1 step. The quantum yield of prompt fluorescence (ūFLUO) is enhanced from 

5.7% to 21% upon passing from 3DPAFIPN to 1, as expected for a cyclization that 

rigidifies the molecular structure. The rigidity of the new chromophore causes an 

increase in ŰPROMPT, ŰTADF, and ŰPHOS, as well.  

 

Figure 3.10 Absorption (solid line) and emission spectra (dashed line; ɚEXC = 420 nm) of compounds 

3DPAFIPN (blue) and 1 (green) in air-equilibrated THF. 
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 3DPAFIPN 1 

˂max
ABS (nm) 364 377 

Ů (M-1cm-1) 15700 10500 

˂max
FLUO (nm) 510 479 

˂max
PHOS (nm)a 518 513 

ŰFLUO (ns) 3.3 9.1 

ŰTADF (ms)b 130 680 

ŰPHOS (ms)a 180 375 

ūFLUO (%) 5.7 21 

ūTADF(%)b 35 6.1 

ūȹ (%)c 88 55 

Table 3.3 Photophysical properties of 3DPAFIPN and 1 in THF at room temperature. aAt 77 K in a 

glassy matrix [1:1 (v/v) DCM/MeOH]. bDegassed solution. cIn MeCN. 

Moreover, emission spectra recorded in a glassy matrix at 77 K evidence the presence 

of phosphorescence for both compounds (ɚMAX  = 518 and 513 nm for 3DPAFIPN and 

1, respectively) (Figure 3.11). Under these experimental conditions, the 

phosphorescence bands are slightly red-shifted compared to their fluorescence, 

indicating that S1 and T1 are close in energy. In particular, the S1īT1 energy gap (ȹEST) 

is larger for compound 1 (320 meV) than for the pristine chromophore 3DPAFIPN 

(190 meV). We expect that the same trend is maintained at room temperature, proving 

the lower TADF quantum yield and longer ŰTADF for 1 than for 3DPAFIPN. As a rule 

of thumb, a high ȹEST is expected to lead to a low kRISC because of the increased 

activation energy for the T1ŸS1 intersystem crossing. Moreover, given the inverse 

proportionality between kinetic constants and lifetimes, a low kRISC should 

concomitantly lead to a high ŰTADF. However, this assumption cannot always be 

generalized because relatively small differences in ȹEST can result in great differences 

in kRISC, as reported for other classes of TADF-active chromophores105. 
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Figure 3.11 Emission spectra of derivative (A) 3DPAFIPN (ɚEXC = 420nm) and (B) 1 (ɚEXC = 405 

nm) in a glassy matrix (DCM:MeOH 1:1, v/v) at 77 K. Emission spectra were registered in 

fluorescence mode (solid line) and phosphorescence mode with gate time of 50 ms and delay time of 

0.05 ms (dashed line) or 0 ms (dotted line). 

Cyclic voltammetry was carried out to determine the redox potentials of both species 

(Figure 3.12). In the case of compound 3DPAFIPN, the reduction process (ī1.53 V 

vs. SCE) is chemically and electrochemically reversible while the oxidation process 

(+1.31 V vs. SCE) shows only partial chemical reversibility at a scan rate of 1 V/s. 

Derivative 1 displays less chemically reversible electron transfer processes. Although 

its oxidation potential is unchanged compared to that of the parent compound (+1.28 

V vs. SCE), its reduction potential is cathodically shifted to ī1.74 V vs. SCE. Taking 

into consideration the localized nature of frontier molecular orbitals in TADF 

molecules, the electrochemical data indicate that the LUMO orbital is destabilized in 

1 compared to 3DPAFIPN, as expected upon removal of the fluorine substituent in 

the photoproduct. On the contrary, the HOMO orbital is not appreciably affected, as 

two electron-donating diphenylamine groups are also present in compound 1. 

Ultimately, the larger energy gap between the HOMO and LUMO orbitals detected 

from electrochemical measurements of 1 is in accordance with the blue-shifted 

absorption and emission spectra of 1. 
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Figure 3.12 Cyclic voltammetry of 3DPAFIPN (blue) and 1 (green) (0.5 mM) in a degassed MeCN 

solutions containing 0.05 M tetraethylammonium hexafluorophosphate as the supporting electrolyte 

and ferrocene as the internal standard. Conditions: glassy carbon working electrode, Pt wire counter 

electrode, Ag wire quasi-reference electrode, scan rate of 1 V/s, rt. Ferroceneôs peaks have been 

omitted for clarity. 

 E(PS/PSως) E(PSω+/PS) 

3DPAFIPN -1.53a +1.31 

1 -1.74 +1.31 

Table 3.4 Redox potentials of 3DPAFIPN and 1 in MeCN. aAnodic peak potential at 1 V/s, chemically 

irreversible electron transfer process. 

3.2.2 Applications 

As mentioned in the introduction to this chapter, photoredox catalysis has recently 

started to benefit greatly from the use of TADF dyes as photosensitizers97 because the 

lifetime of its delayed fluorescence and the modulation of the redox potentials in the 

ground and excited states are all useful properties. We therefore have also studied the 

use of these TADF dyes in order to promote photocatalytic reactions, in particular the 

allylation of aldehydes. In addition to this, we have also employed these TADF dyes 

to carry out CO2 photoreduction, which is an application that is still largely unexplored 

for this class of derivatives. 

3.2.2.1 Metallaphotoredox catalysis 

Allylation of carbonyl compounds is an important reaction in the synthesis of natural 

products106, but most of the strategies reported so far use stoichiometric amounts of 
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metal reductants107 and allylating reagents often have limitations regarding their 

stability to air or their nucleophilicity108. We therefore aimed at developing a protocol 

for the allylation of aldehydes which did not show these drawbacks. Moreover, interest 

was placed on the development of an enantioselective version of this reaction by use 

of a chiral metal complex as the catalyst. 

In collaboration with Prof. Pier Giorgio Cozziôs group, many different chiral ligands 

were tested and the one that gave the best results both in terms of reaction yield and in 

terms of enantiomeric excess is L1 (Figure 3.13, Table 3.5), which is able to form a 

chiral complex with Ni2+ in situ as will be discussed later. Allyl acetate, which is a 

bench-stable commercial reagent, also proved to be the best performing allylating 

source. Different photosensitizers were tested and TADF derivatives proved to yield 

the best results. Stabilizer-free THF was the solvent that gave the highest yields, 

although the reaction was possible in different solvents as well. Hantzschôs ester (HE) 

(Figure 3.13) was the chosen sacrificial electron donor because of its peculiar behavior 

in the presence of 3DPAFIPN, which will be discussed later. Finally, control 

experiments also demonstrated that light, the photosensitizer and nickel are all needed 

to promote the reaction. The optimized reaction conditions are shown in Figure 3.14. 

 

Figure 3.13 Structures of tested chiral ligands and sacrificial electron donor. 

 

Figure 3.14 Optimized reaction conditions. 
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Deviations from standard 

conditions 

Conversion 

(%)a 
e.e.b Entry 

 none >99 (87) 92  

Blank experiments 

no 3DPAFIPN 0 - 1 

no nickel 0 - 2 

no light 0 - 3 

Optimization of allyl 

sources 

allyl bromide instead of allyl 

acetate 
traces - 4 

Optimization of the 

chiral ligand 

L2 instead of L1 70 71 5 

L3 instead of L1 >99 67 6 

L4 instead of L1 33 0 7 

L5 instead of L1 25 3 8 

L6 instead of L1 98 67 9 

L7 instead of L1 93 0 10 

L8 instead of L1 traces - 11 

Optimization of the 

solvent 

Toluene instead of THF 30 93 12 

MeCN instead of THF 90 85 13 

DME instead of THF 22 91 14 

DMF instead of THF 88 50 15 

Optimization of the 

photosensitizer 

4CzIPN instead of 3DPAFIPN 88 89 16 

{Ir[dF(CF3)ppy]2(dtbbpy)}(PF6) 

instead of 3DPAFIPN 
51 88 17 

[Ru(bpy)3]Cl2·6H2O instead of 

3DPAFIPN 
traces - 18 

Table 3.5 Reactions performed on 0.1 mmol scale. aDetermined by 1H-NMR analysis, the value in 

parenthesis is the isolated yield after chromatographic purification. bDetermined by HPLC analysis 

on a chiral column. 

With the optimized reaction conditions in hand, we investigated the scope of the 

reaction. This includes both electron-rich and electron-poor aldehydes and different 

heterocyclic substrates. Moreover, ortho and para substituents were found not to 

influence reaction yields or enantiomeric excess. Some aliphatic substrates were 

reactive, as well. 
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Figure 3.15 Substrates scope of the reaction. 
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Given that in the reaction conditions the chiral nickel complex is formed in situ by an 

achiral nickel precursor and L1, we started the investigation of the reaction mechanism 

by elucidating the nature of the chiral nickel complex. In order to do so, we compared 

the absorption spectra of a solution containing L1 before and after the addition of 

NiCl2(glyme) (Figure 3.16). Upon the addition of NiCl2(glyme), two new absorption 

bands are observed at 498 nm and at 660 nm which are indicative of the formation of 

a new nickel species. In order to characterize this species we compared its absorption 

spectrum with the one of NiCl2(L1), synthesized by the group of Prof. Cozzi, and the 

one obtained upon mixing L1 with NiBr2(glyme). Comparison with the absorption 

spectrum obtained for NiCl 2(L1) suggests that L1 is replacing the bidentate glyme 

ligand. On the contrary, the red-shift observed when NiBr2(glyme) is used suggests 

that halogen atoms are present in the first coordination sphere of the chiral nickel 

ligand. Therefore we can conclude that the chiral nickel species that forms in the 

reaction conditions is NiCl2(L1). 

 

Figure 3.16 Normalized absorption spectra for air-equilibrated THF solutions of L1 (yellow line), 

synthesized NiCl2(L1) (red line), NiCl2(glyme) + 1.5 eq. L1 (blue line) and NiBr2(glyme) + 1.5 eq. L1  

(green line). 

A titration experiment was carried out to determine the equilibrium constant (Keq) for 

the complexation of L1 by NiCl2(glyme). Given the low value of NiCl 2(L1)ôs molar 

absorption coefficient and the low solubility of NiCl2(glyme) in THF, a UV-Vis 

titration was not possible, and an indirect method was used. A solution containing 

NiCl2(glyme) and 3DPAFIPN was therefore prepared, and 3DPAFIPNôs lifetime in 

stabilizer-free THF was monitored upon addition of increasing amounts of L1 (Figure 
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3.17C). In fact, NiCl2(glyme) and NiCl2(L1) have different quenching constants for 

3DPAFIPN and L1 does not quench it at all (Figure 3.17A). The data was fitted to a 

1:1 binding model using Specfit®, and Keq was determined to be 44700 M-1 which is 

high enough for the complex to be quantitatively formed in the optimized reaction 

conditions. 

 

Figure 3.17 A) Stern-Volmer plots between 3DPAFIPN and L1 (yellow), NiCl2(glyme) (blue) and 

NiCl2(L1) (green). B) Absorption spectra for a solution containing 3DPAFIPN and NiCl2(glyme) (20 

µM, red line) upon addition of increasing amounts of L1 (up to 18 eq, 0.36 mM). B) Corresponding 

normalized emission intensity decays (ɚEXC=405 nm, emission cutoff filter=435 nm); inset: 

3DPAFIPNôs lifetime as a function of added L1 equivalents (black dots) and corresponding fitting 

(red line). 

The mechanistic investigation was then aimed at studying the interaction between 

3DPAFIPN and the species present in the reaction mixture, so that a Stern-Volmer 

experiment was then carried out to determine the dynamic quenching constant between 

3DPAFIPN and HE. Emission intensity decays showed an unexpected biexponential 

behavior (Figure 3.18B). The longer lifetime is constant in value and corresponds to 

the one typical of 3DPAFIPN, while its relative weight decreases upon increasing HE 

concentration. The shorter component has a value of ca. 18 µs up to a concentration of 

HE of 130 µM, and decreases upon further addition of the quencher (Table 3.6). This 

behavior has been attributed to the formation of a complex between 3DPAFIPN and 
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HE (3DPAFIPN·HE), whose lifetime is 18 µs. Dynamic quenching between the 

complex and HE takes place as well, and it is detectable for HE concentration higher 

than 130 µM (see Figure 3.21A, too). 

 

Figure 3.18 A) Dilution-corrected absorption spectra for solutions of 3DPAFIPN upon addition of 

increasing amounts of HE (up to 1.2 mM). B) Corresponding normalized emission intensity decays of 

3DPAFIPN with fitting (ɚEXC= 440 nm, ɚEM= 520 nm) (the IRF has been grayed out). 

HE (µM) 0 20 40 75 130 205 350 650 1200 

ŰSHORT (µs) / 18 16 18 22 14 9 6 5 

ŰLONG (µs) 110 

Table 3.6 Lifetimes resulting from the fitting of the emission intensity decays reported in Figure 

3.18B. The longer lifetimeôs value was held constant during iterations. 

Additional experiments were carried out in order to better study the formation of the 

complex between 3DPAFIPN and HE. Absorption spectra of the sum and the mixture 

of two solutions, containing 3DPAFIPN (73 µM) and HE (140 µM) respectively, were 

collected using two-compartment cuvettes and these did not show any significant 

change, suggesting that the interaction between these two species is weak (Figure 

3.19). 
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Figure 3.19 Absorption spectra of the sum (green line) of a 3DPAFIPN solution (73 µM in THF) and 

a HE solution (140 µM in THF), and their mixture (blue dashed line). 

Under the experimental conditions used to perform the reaction, the formation of this 

complex is considered quantitative in view of the large excess of HE present in the 

reaction mixture. Therefore, we can consider 3DPAFIPN·HE as the photoredox active 

species.  

In order to evaluate the extent of this complexôs quenching, we first measured the 

solubility of HE and NiCl2(L1) in THF. The maximum solubility of HE in THF was 

determined to be 0.1 M from the absorption spectrum of a saturated solution following 

dilution and its molar absorption coefficient (=ʁ 5150 M-1cm-1 at 363 nm in THF) 

(Figure 3.20A). In order to measure NiCl 2(L1)ôs solubility, a solution was prepared 

by adding 5.6 mg of NiCl2(glyme) and 1.5 equivalents of L1 to 2 ml THF and this was 

then sonicated for 30 minutes at room temperature. Given the slight difference in the 

absorption spectra recorded before and after filtration (PTFE filter, 0.20 µm), the non-

filtered solution was considered to be only marginally above the solubility limit and 

thus the maximum concentration of NiCl 2(L1) in THF was determined to be 0.01 M 

(Figure 3.20B). 
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Figure 3.20 A) Absorption spectrum of a saturated HE solution after dilution 1:440. B) Absorption 

spectrum of a solution containing NiCl2(glyme) (5.6 mg in 2 ml) + 1.5 eq. L1 before (black line) and 

after filtration (blue line). 

The extent of the complexôs quenching caused by the species involved in the reaction 

was evaluated by single point measurements according to the Stern-Volmer equation 

(see section 6.2.2.2), and the corresponding emission intensity decays are shown in 

Figure 3.21. No significant lifetime change was observed upon addition of allyl 

acetate or naphthaldehyde, indicating that no bimolecular quenching processes occur 

between the complex and these two substrates. On the contrary, upon further addition 

of HE (concentration higher than 130 ɛM, as shown in Table 3.6), a dynamic 

quenching of the emission of the complex is observed (kq= 2.11×108 M-1s-1). 

Quenching was observed also in the presence of NiCl 2(L1) with kq= 5.49×108 M-1s-1. 

Finally, the concentration of NiCl2(glyme) was presumed to be zero in view of the Keq 

calculated for the formation of NiCl2(L1), and was thus not considered.  
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Figure 3.21 Emission intensity decays (ɚEXC= 405 nm, pulsed laser; ɚEM= 520 nm) for a solution of 

3DPAFIPN following the addition of HE (blue lines), and the further addition of different quenchers 

(green lines). A) [HE]= 1.88 mM; further addition of HE 2.73 mM; B) [HE]= 2.20 mM; addition of 

NiCl2(glyme) 0.190 mM + 1.5 eq. L1; C) [HE]= 2.15 mM; addition of naphthaldehyde 0.335 mM; D) 

[HE]= 2.20 mM; addition of allyl acetate 0.400 mM. 

Quenching efficiency of species i was calculated according to the following formula: 

–
ὯϽὗ

Ὧ Ὧ В Ὧ Ͻὗ
Ͻρππ 

Given the higher concentration of HE in the reaction conditions compared to that of 

NiCl2(L1), the quenching efficiency is higher for the former (79%) compared to the 

latter (21%) and the first single electron transfer that takes place leads to the reductive 

quenching of the lowest excited state of 3DPAFIPN·HE. 

Quencher (Q) kq (M-1s-1) [Q] (M) – (%) 

Allylacetate not significant 1.2 / 

Naphthaldehyde not significant 0.4 / 

NiCl 2(L1) 5.49x108 0.01 21 

HE 2.11x108 0.1 79 

Table 3.7 Quenching efficiencies of 3DPAFIPN·HE by the species present in the reaction. 
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These results allow to deduce the mechanism shown in Figure 3.22, where the 

photocatalytic cycle is characterized by a reductive quenching of 3DPAFIPN·HEôs 

excited state by HE. Computational study by Prof. Luigi Cavalloôs group on the dark 

catalytic cycle37 additionally demonstrated that a second electron transfer event 

between 3DPAFIPN·HE and NiCl2(L1) leads to the formation of a Ni(I) species, that 

is further reduced by a third electron transfer to Ni(0). Ni(0) is then able to interact 

with the substrates, finally leading to the enantioselective formation of the product. 

 

Figure 3.22 Proposed reaction mechanism. 

Given the fact that 1 is more reducing compared to other TADF compounds (see 

section 3.2.1), we decided to employ it for the allylation of aldehydes catalyzed by an 

earth-abundant Co(II) complex. In fact, the mechanism of this reaction should involve 

the reduction of the Co(II) species to Co(I), which is more challenging compared to 

the reduction of nickel complexes109. 

In collaboration with Prof. Pier Giorgio Cozziôs group, we screened the reaction 

conditions concluding that the reaction does not proceed in the absence of CoBr2, 1, 

HE or light (Table 3.8). The absence of the ligand, 4,4ǋ-di-tert-butyl-2,2ǋ-dipyridyl 

(dtbbpy, Figure 3.24)110 caused the complete consumption of aldehyde with the 

formation of the corresponding pinacol product P1 as the major product, and only 10% 

of homoallylic alcohol. The addition of water was found to be important for promoting 

allylation with aromatic and aliphatic aldehydes avoiding, in the case of aromatic 

aldehydes, pinacol coupling110. Moreover, we tested 3DPAFIPN as the 
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photosensitizer and found that it is not able to promote the allylation of aldehydes, 

although it promotes the formation of P1 (Table 3.8), in agreement with its less 

negative reduction potential compared to the one of 3DPAFIPN (see Figure 3.12). 

The so-obtained optimized reaction conditions are reported in Figure 3.23. 

 

Figure 3.23 Optimized reaction conditions. 

 

Figure 3.24 Chemical structures of the sacrificial electron donor (Hantzschôs ester), the ligand 

(dtbbpy) and the pinacol coupling product (P1). 

 
Deviations from standard 

conditions 

Conversion 

(%)a 

P1 

(%)a 
Entry 

 none 90 4  

Blank experiments 

no 1 no reaction - 1 

no CoBr2 no reaction - 2 

no light no reaction - 3 

no HE no reaction - 4 

no dtbbpy 10% 90% 5 

Optimization of 

photosensitizer 
3DPAFIPN instead of 1 2% 97% 6 

Table 3.8 All reactions except for entry #3 were performed under irradiation with Kessil® 40W 456 

nm Blue LED. aDetermined by 1H-NMR analysis on the reaction crude. 

The selected conditions were employed for various aromatic aldehydes (Figure 3.25). 

In general, the reactivity was strongly influenced by the aromatic moiety of the 

aldehydes, with electron-rich aldehydes showing reduced reactivity. In some cases we 

tried to improve the yields by increasing the reaction time, as for 2g. However, in other 
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cases this did not lead to better yields, probably due to concomitant pinacol coupling 

or reduction of the aldehydes to the corresponding benzylic alcohol. Aliphatic 

aldehydes suffered from reduced reactivity even after prolonging the reaction time to 

72 h. 

 

Figure 3.25 Reaction scope. 

Unfortunately, we were not able to investigate in detail the quenching of 1 by HE 

because its absorption spectrum is largely overlapping that of the photosensitizer and, 

under the experimental conditions used for luminescence measurements, most of the 

light is absorbed by HE (Figure 3.26). However, HE is not responsible for the 
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photoreaction because no product formation is observed in the absence of 

photosensitizer 1 (entry 1, Table 3.8).  

 

Figure 3.26 Absorption spectra of 1 (2.5×10-3 M, blue line), HE (0.5 M, yellow line), CoBr2 + dtbbpy 

(both 5×10-3 M, green line), 4-chlorobenzaldehyde (0.05 M, red line), allyl acetate (0.15 M, black 

line) in THF/H2O (9:1 v/v) and Kessil lamp profile (ɚEM = 456 nm, cyan line). The concentrations are 

the same used in the reaction conditions. 

In recent years, several authors have suggested that the reaction follows a 

Co(II)īCo(I)īCo(III)īCo(II) cycle109,110. We can therefore suggest that Co(II) is 

reduced by 1 in its excited state (E(1Å+/*1) = ī1.31 vs. SCE) to Co(I) (E[Co(II)/Co(I)] 

= ī1.05 V vs. SCE)111, which is reacting with allyl acetate to form a Co(III) allyl 

intermediate109. The Co(III) allyl is then further reduced by a second electron transfer 

event (1 or HEÅ+) to Co(II) allyl, which is the organometallic species that can react 

with aldehydes by a ZimmermanīTraxler transition state. 1 [E(1Å+/1) = +1.31 V vs. 

SCE) can then be restored to the initial state by HE (E(HEÅ+/HE) = +1.0 V vs. SCE), 

as shown in Figure 3.27. 
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Figure 3.27 Proposed reaction mechanism. 

3.2.2.2 Artificial photosynthesis 

Most artificial photosynthetic systems traditionally rely on heavy-metal complexes 

(e.g. Ru and Ir) as photosensitizers, but their large-scale employment should desirably 

be based on abundant and non-toxic compounds. For this reason, research has lately 

focused on the development of both catalysts112,113 and photosensitizers114 that are 

either based on abundant metals or consist of purely organic compounds. Recently, 

copper(II) purpurin complex115, mononuclear and dinuclear copper(I) complexes116ï

119 have for instance been utilized as photosensitizers in order to achieve the 

photochemical reduction of CO2. Attempts at using purely organic photosensitizers to 

drive the photoreduction of CO2 initially included the use of cyanoanthracene120 and 

p-terphenyl121 dyes, which have the disadvantage of a short excited-state lifetime and 

absorption maxima located in the UV region. More recently, organic photosensitizers 

with stronger visible light absorption such as purpurin derivatives122ï124 or ability to 

populate their long-lived triplet excited state like phenazine125,126 have been employed. 

Given the long excited-state lifetime and adjustable redox potentials of TADF dyes 

described above, we investigated in collaboration with Prof. Osamu Ishitaniôs group a 

three-component artificial photosynthetic system that overcomes the problem of 

element scarcity in CO2 photoreduction by using purely organic TADF 

photosensitizers, an earth-abundant Mn(I) catalyst and 1,3-dimethyl-2-

phenylbenzimidazoline (BIH) as the sacrificial electron donor to produce CO and 

HCOOH (Figure 3.28).  
































































































































