
Monica Martínez Aguirre

Miguel Angel Rodríguez Barranco y Jesús Rubén Berenguer Marín

Facultad de Ciencia y Tecnología

Química

2023-2024

Título

Director/es

Facultad

Titulación

Departamento

TESIS DOCTORAL

Curso Académico

Strategies for sustainable photocatalysis: hybrid
organometallo-silica materials and BODIPYs

Autor/es



© El autor
© Universidad de La Rioja, Servicio de Publicaciones, 2024

publicaciones.unirioja.es
E-mail: publicaciones@unirioja.es

Strategies for sustainable photocatalysis: hybrid organometallo-silica
materials and BODIPYs, tesis doctoral de Monica Martínez Aguirre, dirigida por Miguel
Angel Rodríguez Barranco y Jesús Rubén Berenguer Marín (publicada por la Universidad

de La Rioja), se difunde bajo una Licencia Creative Commons Reconocimiento-
NoComercial-SinObraDerivada 3.0 Unported.

 Permisos que vayan más allá de lo cubierto por esta licencia pueden solicitarse a los
titulares del copyright.



 
 

 

TESIS DOCTORAL 

2023 

Programa de Doctorado en Química 

 

ESTRATEGIAS PARA EL DESARROLLO DE 

SISTEMAS FOTOCATALÍTICOS SOSTENIBLES: 

ORGANOMETALOSÍLICAS HÍBRIDAS Y 

BODIPYS 

STRATEGIES FOR SUSTAINABLE 

PHOTOCATALYSIS: HYBRID 

ORGANOMETALLO-SILICA MATERIALS AND 

BODIPYS 

 

Mónica Martínez Aguirre 

 

Director: Prof. Dr. Miguel Ángel Rodríguez Barranco 

Director: Prof. Dr. Jesús Rubén Berenguer Marín 

 



  



MIGUEL A. RODRÍGUEZ BARRANCO, Catedrático de Química Orgánica 
del Departamento de Química de la Universidad de La Rioja. 

JESÚS R. BERENGUER MARÍN, Catedrático de Química Inorgánica del 
Departamento de Química de la Universidad de La Rioja. 

CERTIFICAN: 

que la presente memoria titulada Estrategias para el desarrollo de sistemas 
fotocatalíticos sostenibles: Organometalosílicas híbridas y BODIPYs ha sido realizada 
bajo su supervisión por la graduada en química MÓNICA MARTÍNEZ AGUIRRE en 
el Departamento de Química de la Universidad de La Rioja, y autorizan su presentación 
para que sea calificada como Tesis Doctoral. 

Logroño, diciembre de 2023 

Fdo.: Miguel A. Rodríguez Barranco Fdo.: Jesús R. Berenguer Marín 



 

  



 

 

 

 

 

 

Esta tesis está dedicada a mi madre. 
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"You can never know everything, and part of what you know is always wrong. 
Perhaps even the most important part. A portion of wisdom lies in knowing that. 

A portion of courage lies in going on anyway" 

Robert Jordan, Winter's Heart 

 

“There is nothing like looking, if you want to find something. You certainly usually 
find something, if you look, but it is not always quite the something you were after.” 

J.R.R. Tolkien, The Hobbit 
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Introduction 

I. Introduction 

Photocatalysis has emerged as a field of great interest over the past few decades (Figure 

I.1), due to its potential in diverse applications ranging from environmental remediation 

to energy conversion.[1] Using the abundant energy source of light, chemists can explore 

a wide range of synthetic routes previously inaccessible by traditional thermal methods. 

Photocatalysis offers several advantages, including the ability to achieve the total 

synthesis of complex molecules more efficiently, requiring fewer synthetic steps and 

minimizing unwanted secondary reactions.[2] 

 
Figure I.1. Number of photocatalysis publications per year. Keyword: “photocatalysis” Web of 

Science search conducted 29/11/2023. 

 

The first recorded instance of a chemist observing the effect of light on organic 

molecules dates from 1834, when Johann Bartholomew Trommsdorff (1770-1837) 

documented how crystals of -santonin turned yellow and “burst” when exposed to 

sunlight.[3] However, the origins of organic photochemistry are generally attributed to the 

pioneering work of two chemists: Giacomo Ciamician (1857-1922) and Paul Silber 

(1851-1932), who were the first to systematize the study of the interaction of light with 

organic compounds. Ciamician and Silber explored various photoreductions in alcoholic 

media, including aldehydes, ketones, quinones, and nitro compounds. In addition, they 

studied the photoisomerization of alkenes, the dimerization of olefins, and, in particular, 

the intramolecular [2+2] cycloaddition of carvone under sunlight.[4] 
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The use of sunlight to drive chemical reactions is highly desirable because of the 

potential for free use of this abundant energy source. Of the total direct solar radiation 

received, only about 5% of the UV light reaches the Earth's surface after being filtered by 

the ozone layer. The remaining composition is approximately 45% visible light and 50% 

infrared radiation. 

The main problem with organic synthesis is that most organic molecules absorb light 

primarily in the ultraviolet (UV) region of the electromagnetic spectrum, although the use 

of visible light for photocatalysis is highly recommended. Using a lower energy light 

source minimizes unwanted side reactions and product degradation and eliminates the 

need for specialized equipment and glassware (quartz/pyrex), as standard borosilicate 

glassware is not transparent to UV radiation. It is also more cost-effective to use visible 

light. Today, energy-efficient high-power light-emitting diodes (LEDs) are widely 

available, reducing energy costs and making them a practical and economical choice. 

To overcome this limitation and expand the range of chemical reactions that can be 

achieved, molecules known as photocatalysts are employed. A photocatalyst (PC) can be 

defined as a molecule that absorbs light to promote a chemical transformation without 

undergoing any permanent changes itself.[5] Early examples of chemists utilizing 

photocatalysts can be traced back to the beginning of the 20th century. However, it was 

the pioneering work of the research groups of Yoon,[6] MacMillan[7] and Stephenson[8] 

that fully revealed the enormous potential of photocatalysis in organic synthesis. 

For the photocatalytic process to be effective, two crucial steps must be carefully 

studied: the absorption of light by the photocatalyst, and the subsequent interaction 

between the photocatalyst and the substrate that allows the desired chemical reaction to 

occur.[9] 

The behavior of a molecule upon light absorption can be effectively illustrated using a 

Jablonski diagram (Figure I.2). When a molecule is irradiated with light, a photon of 

sufficient energy is absorbed, resulting in the excitation of an electron from the singlet 

ground state (S0) to a higher energy singlet state (Sn), following the spin-selection rule 

and the Frank-Condon principle. Although multiple singlet excited states with varying 

vibrational energies may be accessible, these states typically relax within picoseconds to 

the first singlet excited state (S1) in accordance with Kasha's rule.[5] This relaxation occurs 

through non-radiative vibrational relaxation and internal conversion (IC). Once in the S1 
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excited state, the molecule can return to its ground state via a non-radiative decay process 

(IC), or by emitting a photon in a phenomenon known as fluorescence. Alternatively, the 

molecule can undergo a spin-forbidden, non-radiative process called intersystem crossing 

(ISC) to a lower-energy triplet excited state (T1). The probability of ISC is enhanced if 

there is an overlap between the vibrational levels of the two excited states. Several factors 

can favor a good ISC.[10] One example is the presence of heavy atoms in the molecule, 

that leads to strong spin-orbit coupling which is proportional to the atomic number (Z4,  

Z = atomic number).[11] From the T1 state, two general processes can occur: the 

non-radiative decay, and the radiative process called phosphorescence. 

 
Figure I.2. Jablonski diagram. 

 

In both radiative processes (fluorescence and phosphorescence), the emitted light has 

a lower energy than the absorbed photon due to vibrational relaxation, resulting in a red-

shift of the emission maximum with respect to the absorption maximum. The difference 

between these two maxima is referred to as the Stokes shift. Fluorescence is characterized 

by small Stokes shifts and short lifetimes (on average between 10-9
 and 10-7 s).[12] On the 

other hand, phosphorescence lifetimes are longer, in some cases significantly so (on 

average from 10-7 to >10-2 s), and the Stokes shift is larger than that of fluorescence. The 

lifetime of the excited state plays a crucial role in photocatalytic processes and must be 

evaluated when considering a photocatalyst. Long-lived excited states are desirable as 
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they allow sufficient time for the photocatalyst to interact with the substrate before 

radiative or non-radiative decay occurs. If the lifetime is too short, the excited state will 

decay faster than the diffusion limit in solution, preventing bimolecular processes. For 

this reason, the most commonly employed photocatalysts are those capable of effectively 

populate their triplet state upon visible light absorption. 

After the absorption of light, an interaction between the photocatalyst and the substrate 

takes place. Within the context of this thesis, two mechanisms of interaction are of 

particular interest: single electron transfer (SET) and photoinduced energy transfer 

(PEnT).[13] 

Single electron transfer (SET), also known as photoredox catalysis, relies on the 

increased reduction and oxidation potential of the photocatalyst in its excited state 

compared to its ground state. This phenomenon can be explained by looking at a 

simplified orbital diagram of the PC (Figure I.3). Upon irradiation, an electron from the 

highest occupied molecular orbital (HOMO) is excited to the lower unoccupied energy 

orbital (LUMO). Consequently, the PC now has an increased oxidation potential, and 

gains the ability to reduce organic molecules (often referred to as acceptors An within the 

photocatalytic cycles) that in their ground state present higher oxidation potentials than 

the PC in its ground state. In addition, the excitation also creates a vacancy in the HOMO 

of the PC increasing its reduction potential and allowing it to easily oxidize donor organic 

molecules (Dm). 

 
Figure I.3. Photoinduced electron transfer processes: Dm = electron donor, An = electron acceptor, 

SET = single electron transfer. The indices m and n denote the oxidation state of the donor and the 
acceptor respectively. 
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Thus, two SET photocatalytic cycles can be distinguished (Figure I.4).[9] In the 

oxidative quenching cycle, the photocatalyst in its excited state (PC*) gives an electron 

to an acceptor molecule, leading to its reduction. This newly reduced species can then 

proceed along a new synthetic pathway. The oxidized form of the photocatalyst (PC•+) 

accepts an electron from a donor molecule, closing the catalytic cycle. Similarly, in the 

reductive quenching cycle the PC* now is reduced, and a donor molecule is oxidized. The 

cycle closes with the reduced form of the photocatalyst (PC•-) donating an electron to an 

acceptor. In both cycles, the reaction substrates (acceptors and donors) become activated, 

generating highly reactive radicals (anions, cations, or neutral radicals) capable of 

participating in subsequent reactions.[14] 

 

Figure I.4. Oxidative and reductive quenching cycles. 

 

On the other hand, photoinduced energy transfer (PEnT, Figure I.5), also known as 

photosensitization, operates through a different mechanism than single electron transfer 

(SET). In PEnT, the long-lived excited state of the photocatalyst decays to its ground state 

by transferring energy to the substrate. 
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Figure I.5. Energy transfer cycle. 

 

Two main mechanisms can occur in PEnT processes: Föster resonance energy transfer 

(FRET) and Dexter energy transfer (DET) (Figure I.6).[15] The first mechanism operates 

through dipole-dipole (coulombic) interactions, where electronic oscillation in the excited 

state of the photocatalyst PC* induces a dipole in the ground state of the substrate due to 

charge repulsion.[16] This interaction leads to the simultaneous relaxation of the 

photocatalyst and the excitation of the substrate. However, FRET is disfavored if the PC* 

is in a triplet state, because it would require two spin-forbidden processes: T1 to S0 for the 

PC, and S0 to T1 for the substrate. In cases where PC* is predominantly in its triplet state, 

the second mechanism, Dexter energy transfer (DET), becomes more likely. This 

mechanism involves the simultaneous intermolecular exchange of excited-state and 

ground-state electrons from the photocatalyst and the substrate respectively.[17] In this 

process, an orbital overlap is required, which experimentally can be observed if there is 

an overlap between the S0 → T1 absorption spectrum of the substrate and the T1 → S0 

emission spectrum of the PC.[15] However, since obtaining such absorption spectra is quite 

difficult, a comparison between the triplet energies can be utilized as a rough predictive 

guide. If the T1 energy of the photocatalyst is higher than that of the substrate, a Dexter 

mechanism is more likely to take place. 
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Figure I.6. Föster resonance energy transfer (left) and Dexter energy transfer mechanism (right). 

 

Based on the information presented so far, an ideal photocatalyst should have the 

following characteristics: 

- Good absorption in the visible region of the electromagnetic spectrum (>400 nm). 

- Long-lived excited state that allows the interaction with the substrate before it 

deactivates. 

- Photostability in solution. 

- Easily modifiable molecular structure that has an impact on its photophysical 

properties. 

- For a SET reaction: higher excited state oxidation or reduction potential than the 

substrate. 

- For a PEnT reaction: higher triplet excited state energy than the substrate. 

 

Considering the ideal properties of a good photocatalyst, it is indeed not surprising to 

find that transition metal complexes have been widely used as photocatalysts, such as 

ruthenium(II) polypyridyl or cyclometalated iridium(III) complexes.[14a, 18] Moreover, 

modifications in the ligands allow a controlled tuning of their redox and photophysical 

properties.[19] Figure I.7 illustrates some of the most commonly used photocatalysts based 

on these metals. 
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Figure I.7. Examples of organometallic photocatalysts. 

 

However, iridium and ruthenium are rare metals found in small amounts within the 

Earth’s crust,[20] which makes them very expensive options for the growing demand for 

PCs in the pharmaceutical and chemical industry.[21] To address this issue, several 

strategies have emerged in recent years: 

- Heterogenization: one approach is the heterogenization of iridium or ruthenium 

complexes onto porous surfaces such as silica-based materials, titanium, or 

zeolites.[22] This approach preserves the properties of these compounds to a greater 

extent, while at the same time improving the recovery and recyclability of the PC. 

Various techniques have been explored to heterogenize these complexes, including 

grafting onto the surface of the material, vapor deposition, or ion exchange. 

However, many of these techniques can be defined as post-synthetic approaches, 

and usually lead to leaching issues or pore blocking for porous materials.[23] 

- Metal-Organic Frameworks (MOFs): As part of the heterogenization strategy, 

metal-organic frameworks have emerged as a distinct category.[24] In MOFs, the 

same PCs complex molecules can be incorporated as building blocks in the 

structures or encapsulated within the regular pores of the MOFs, offering a unique 

platform for photocatalysis.[25] 

- Semiconductors: Another approach to heterogenizing the photocatalytic process is 

the use of semiconductor materials.[24a, 26] Titanium dioxide, zinc oxide, and various 

metal oxides are extensively studied photocatalysts in this category. These 

materials possess a band gap (between the valence band and the conduction band) 

similar to the HOMO/LUMO separation in a traditional PC. Moreover, by 

introducing doping agents, these materials can be modified to absorb light in the 

visible region of the electromagnetic spectrum.[27] 
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- Earth-abundant complexes: The substitution of expensive noble metal complexes 

with earth-abundant transition-metal-based complexes has gained considerable 

attention in recent studies.[28] Among the earth-abundant transition metals, 

copper(I) represents the most thoroughly investigated.[29] Diimine complexes, both 

homoleptic and heteroleptic with a diphosphine ligand, exhibit long-lived excited 

states and have shown promising results (Figure I.8).[30] However, the challenge of 

achieving sufficient photostability in solution remains an ongoing concern for their 

use as photocatalysts. 

 

Figure I.8. Representative copper(I) photocatalysts. 

 

- Organic photocatalysts: With the growing interest of the pharmaceutical industry 

in photocatalysis, organic PCs offer several advantages.[31] They are often more 

cost-effective and possess lower toxicity and greater biocompatibility compared to 

metal-based PCs.[14a, 32] Some examples in this category include acridinium and 

pyrylium salts, cyanoarenes, and organic dyes such as eosin Y, Rose Bengal, 

fluorescein, and rhodamine (Figure I.9).[33] Much progress has been made in this 

area in recent years, although the difficulty of tuning their redox potentials, their 

lower photostability, and their shorter excited-state lifetimes still leave much room 

for improvement. Another emerging example is the utilization of molecules 

exhibiting thermally activated delayed fluorescence (TADF), which possess long 

excited-state lifetimes that enable interactions with substrate molecules while 

exhibiting fluorescence emissions.[34] 
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Figure I.9. Examples of organic PCs. 

 

Within the context of this thesis, the focus is on the heterogenization strategy of 

cyclometalated iridium(III) complexes, taking advantage of the extensive experience of 

our research group in the synthesis and emissive properties of these complexes, as well 

as in the synthesis of mesoporous silica functionalized materials.[35] The aim is to 

investigate the heterogenization of previously synthesized compounds by in-situ 

techniques in a way that offers improved protection compared to post-synthetic 

techniques, while maintaining photocatalytic properties similar to those observed under 

homogeneous conditions. Two chapters of this work have been dedicated to this strategy. 

Nevertheless, the last chapter of this thesis is dedicated to the synthesis of a new type of 

organic PCs. From the initial idea of incorporating BODIPY dyes onto functionalized 

phenyl-pyridines, which are commonly used as cyclometalated ligands in our research 

group, we have obtained new organic compounds that we have studied as photocatalysts 

in their own right. 
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Objectives 

The general objectives of this doctoral thesis are framed within the search for new 

forms of sustainable photocatalysts, both in the heterogenization of emissive transition 

metal complexes and in the study of organic photocatalysts. They can be summarized in 

the following specific points: 

- Incorporation of a cationic iridium(III) complex in different silica-based materials, by 

means of post-synthetic and in-situ techniques, with different types of morphology and 

degrees of incorporation of the complex. 

- Study of the textural and photophysical properties of the materials obtained, 

comparing them with the properties of the complex used for functionalization. 

- Study of the photocatalytic activity of the materials, covering different mechanisms 

of photocatalytic reactions. In addition, the reaction conditions of the complex in 

homogeneous medium will also be optimized. 

- Establish mechanisms for recovering and cleaning the materials for use in successive 

catalytic cycles. 

- Comparison of the different functionalization methods on the photocatalytic activity 

and reuse of the materials. 

- Synthesis of a new material based on the self-condensation of the cationic iridium 

complex used previously, to obtain a new organometallo-ionosilica, and study of its 

textural, photophysical and photocatalytic properties. 

- Synthesis of new BODIPYs based on phenylpyridine ligands for their subsequent 

incorporation in organometallic complexes as cyclometalated ligands, studying the 

methods to obtain a good ISC. Study of the photophysical properties of the BODIPYs. 

- Study of the generation of singlet oxygen using the synthesized BODIPYs, as well as 

their use in a photocatalytic reaction that takes place by means of singlet oxygen 

sensitization.





 

 
 

 

 

 

 

 

Chapter 1. Hybrid 

organometallo-silica 

photocatalysts for 

olefin isomerization 
 





 

29 
 

Chapter 1 

1. Chapter 1 

1.1 Introduction 

As already mentioned in the general introduction, cyclometalated iridium(III) 

complexes have been widely used as photocatalysts in both SET and PEnT processes, due 

to their tunable photophysical properties, good photostability, and high ISC efficiencies 

resulting in highly populated triplet excited states. Among the various iridium complexes, 

the family of [Ir(C^N)2(N^N)]+ compounds (IrC2N4, where C^N is an anionic 

cyclometalated group and N^N is a neutral functionalized bipyridine) has been 

extensively studied. This family is particularly noteworthy due to the presence of two Ir-C 

bonds, that delocalize the HOMO onto the cyclometalated ligand framework (C^N) 

thanks to its -donating ability, increasing the chances of obtaining different efficient 

emissive excited states compared to other Ir(III) complexes (Figure 1.1). 

 

Figure 1.1. Influence of the number of Ir-C bonds on the electronic configuration and the absorption 
transitions of Ir(III) complexes. 
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This delocalization of the HOMO from the metal center to the ligands allows for the 

strategic modification of these ligands to stabilize or destabilize this orbital. In addition, 

the LUMO in these complexes is typically located in the bipyridine (N^N) ligand. This 

spatial separation of each frontier orbital enables independent tuning and provides the 

ability to modify the HOMO/LUMO energy gap, allowing for control over the emission 

wavelength and achieving photoluminescence over a wide range (Figure 1.2).[18a, 36] In 

general, the functionalization of C^N ligands with electron-donating groups (EDG) 

destabilizes the HOMO, whereas electron-withdrawing groups (EWG) stabilize the 

orbital.[37] The opposite is true for the N^N ligand, where electron-donating groups 

stabilize the LUMO, resulting in a blue-shift in the emission, and electron-withdrawing 

groups destabilize the orbital, resulting in lower energy emissions.[38] Examples of 

common electron-withdrawing groups include fluorides and nitriles, while 

electron-donating groups include amines, alcohols, and thiols, among others. The 

localization of the orbitals results often in the description of the emissive excited states 

of these complexes as a mixture of metal-to-ligand charge transfer (3MLCT), between the 

metal and the N^N ligand, and ligand-to-ligand charge transfer (3LLCT), between the 

C^N ligands and the N^N ligands. 

 

Figure 1.2. Strategies for the modulation of the luminescence in IrC2N4 complexes. 
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As previously mentioned, although the photophysical properties of these complexes 

have been well studied, and there is a growing library of compounds with a wide range 

of excited reduction/oxidation potentials, the application of cyclometalated iridium(III) 

complexes as homogeneous PCs in the pharmaceutical and chemical industries has been 

limited due to their high cost and the need for purification steps in the final product. To 

overcome these drawbacks, the strategy explored in this chapter is the heterogenization 

of the photocatalysts onto high surface area solid matrices. 

Various materials have been used to support different chromophores. Examples of 

these can be found in the encapsulation of metal complexes within zeolite cavities, MOFs, 

or ion-exchange resins; their grafting onto mesoporous inorganic oxides or plasmonic 

metal nanoparticles; or their intercalation within layered materials such as graphene or 

nano C3N4 sheets.[27a, 39] Among these matrices, silica has been used extensively over the 

past few decades for the incorporation of organometallic compounds in a wide range of 

applications, including optical sensing, bioimaging, phototherapy, and hydrogen 

generation.[35a, 35b, 40] Silica offers several key properties that make it an excellent choice 

for heterogenizing luminescent compounds. 

First, silica exhibits optical transparency, making it suitable for optical applications. It 

also possesses chemical and thermal stability in both aqueous and organic solvents, 

increasing its versatility for different reaction conditions.[41] In addition, the cost of its 

precursors, such as tetraethyl orthosilicate (TEOS), is relatively low (1 L for synthesis = 

110 €, Sigma-Aldrich, search done on 07/13/2023). 

But silica is particularly advantageous and versatile compared to other solid matrices 

due to the wide range of materials that can be synthesized using sol-gel synthetic 

strategies (Scheme 1.1). For example, mesoporous silica materials (pore diameters from 

2 to 50 nm) can be synthesized by varying the surface area and pore size by selecting 

specific surfactants and adjusting their concentration during synthesis. The morphology 

of the material can also be modified, leading to the formation of monodisperse 

nanoparticles with different shapes, aggregates or macroscopic nanostructured gels. In 

addition, and taking advantage of the abundant hydroxyl (-OH) groups present on the 

silica surface, surface functionalization can also be tailored, providing the opportunity to 

introduce new chemical functions capable of interacting with a wide range of functional 

groups (Figure 1.3).[42] 



 

32 
 

Chapter 1 

 

Scheme 1.1. Main reaction steps occurring in the sol-gel process of alkoxysilanes. 

 

 

Figure 1.3. Variations that can be introduce in the synthesis of new mesoporous silica materials. 
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Heterogenization methods for silica materials can be distinguished into two main 

categories: 

- Post-synthetic functionalization: traditionally, this has been the most commonly used 

method for functionalizing mesoporous silica materials. It involves non-covalent dye 

uptake by impregnation or inclusion, or the attachment of molecules to the surface by 

covalent bonds, a process known as grafting. [42a, 42c, 42f, 43] In a common grafting process, 

molecules containing terminal trialkoxysilane groups (Si(R'O)3R) react with the silanol 

groups remaining on the silica surface through condensation/hydrolysis reactions (Figure 

1.4). 

 

Figure 1.4. Representation of a grafted material. 

 

These methods offer the advantage of enabling easy binding of molecules to preformed 

materials without affecting their textural characteristics, resulting in high incorporation 

percentages. However, despite their widespread use, these techniques have several 

drawbacks. For instance, the active phase may aggregate on the surface of the material, 

partially blocking the mesopores and reducing the total available surface area. In addition, 

the exposure of the active phase to the medium can lead to leaching problems, reducing 

the amount of molecules bound to the surface and reducing the recyclability of the 

material after each use. 

-In-situ functionalization: in recent years, there has been a growing interest in 

developing more straightforward strategies to better incorporate the chromophores into 

the support. The in-situ synthesis strategy has emerged as a solution to this challenge, 

based on the incorporation of a previously functionalized chromophore with anchoring 

groups during the sol-gel preparation of the silica. This results in the simultaneous 
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co-condensation of the chromophore and the silica precursor, leading to the direct 

incorporation of the active phase into the silica network (Figure 1.5). 

 

Figure 1.5. Representation of an in-situ material. 

 

This synthetic approach has been explored in our group since 2011,[44] with the initial 

functionalization of coordination and organometallic complexes with alkoxysilane 

terminal groups, the so-called “Sol-Gel Coordination Chemistry” approach,[42g] although 

in recent years we have also used functionalized perovskite nanocrystals[45] or even 

luminescent proteins[35c] as chromophores. This has led to the preparation of a series of 

organometallo-silica hybrid materials that have demonstrated successful applications in 

catalysis, illumination, and bioimaging.[35a, 35b, 40] These in-situ methods offers improved 

stability of the chromophores compared to post-synthetic functionalization, thanks to the 

protection provided by the silica matrix, which prevents leaching problems. It also 

ensures a better distribution of the molecules throughout the material, preventing 

agglomeration on the surface and mimicking the photophysical properties of the 

cyclometalated complex in solution.[42g, 46] However, it may reduce the number of 

chromophores available to the medium, requiring the synthesis of materials with high 

porosity to enhance the chromophore accessibility. 

 

Regardless of the method employed for functionalization, in the context of 

photocatalysis, these systems offer the well-known advantages of heterogeneous catalysis 

such as easy recovery and reusability, while maintaining the high selectivity that is 

typically observed with homogeneous catalysts.[46a] However, their use in the 

heterogenization of photocatalysts (PCs) has not been explored as extensively as in other 
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areas. Pioneering examples can be found in the work of Professors Wu[47] and 

Yamashita.[48]  Both research groups reported the grafting of different platinum(II) and 

iridium(III) complexes onto silica gels with surfaces modified with amino groups, which 

can then bind to the metal center. These materials were successfully employed in 

oxidation reactions requiring the production of singlet oxygen (Scheme 1.2). 

 

Scheme 1.2. Functionalizations performed by the groups of Prof. Yamashita (a, b) and Prof. Wu (c). 

 

An in-situ functionalization method applied for photocatalysis can be found in the work 

of Prof. Zhao and co-workers in 2015.[43f] They introduced two trialkoxysilane terminal 

groups into the structure of a 2,2’-bipyridine, and synthesized a ruthenium(II) polypyridyl 

complex bearing six anchoring groups. This complex was then reacted with the silica 

precursor to obtain a mesoporous gel (Scheme 1.3). The resulting material was used in 

three photocatalytic reactions: oxidative dehydrogenation of dihydropyridine derivatives, 

reductive dehalogenation of alkyl halides, and oxidative halogenation of alcohols, 

achieving good yields and recyclability values. 
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Scheme 1.3. In-situ functionalization carried out by Prof. Zhao and co-workers. 

 

A more recent example, utilizing the two functionalization methods described above, 

can be found in the work of Prof. Romero-Salguero and co-workers,[49] who synthesized 

a Periodic Mesoporous Organosilica (PMO) incorporating an N-chelating ligand through 

in-situ co-condensation techniques. After obtaining the material, the available ligands on 

the surface were reacted with the respective chloride complexes of iridium(III) or 

ruthenium(II). This resulted in the grafting of the complexes onto the surface, while the 

N-chelating ligand can be considered as part of the structure of the material (Scheme 1.4). 

These materials have been used for artificial photosynthesis with good results. 

 
Scheme 1.4. Work of Prof. Romero-Salguero. 

 

On the other hand, several iridium(III) cyclometalated complexes, similar to those 

incorporated in hybrid materials by our group, have demonstrated high efficiency in 
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homogeneous EnT photocatalysis.[13c, 15] One of the standard reactions in this type of 

mechanism, which remains a challenge in organic synthesis today, is the isomerization of 

alkenes to obtain the Z-isomer. Although this isomer is thermodynamically less stable 

than its E-isomer, it is often necessary for the preparation of anticancer drugs,[50] 

chromatic lasers,[51] or industrial dyes,[52] among others. Additionally, E-Z isomerization 

plays a crucial role in molecular switches.[53] Traditional non-photocatalytic methods to 

obtain the Z-isomer are often costly, energy-intensive,[54] and generally result in poor 

stereoselectivity. For this reason, the photoassisted E to Z isomerization reaction is 

usually carried out by irradiation under UV-light,[50, 55] but this approach is ineffective 

over a wide range of alkenes, and usually does not present a good selectivity. Therefore, 

there is an active search for new approaches to achieve this transformation under different 

conditions. 

As just mentioned, the challenge in obtaining the Z isomer stems from its lower 

stability, making the process of obtaining it from the E isomer thermodynamically 

unfavorable. However, when an alkene molecule is excited, either by using high-energy 

light sources, such as UV-light, or by using a photocatalyst, it enters its S1 or T1 state, 

which have a minimum energy positioned at the maximum energy of the S0 state between 

both isomers. In other words, these molecules possess a conical intersection (CI) that 

connects the ground state and the excited state, allowing the excited molecule to relax to 

either the E or Z isomer (see Figure 1.6). 

 
Figure 1.6. General energy profile diagram of an alkene. 
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The stereoselectivity of the reaction, favoring one isomer over the other, results from 

the difference between the triplet state energies of the two geometries. Examining the 

diagram in Figure 1.7, there is a 21 kJ/mol difference in the triplet states of the stilbene 

isomers, with trans-stilbene (E) being more stable.[56] This implies that by using a 

photosensitizer with a triplet energy situated between the energies of the two triplet states, 

it becomes capable of selectively sensitize only one of the isomers. Upon entering the 

excited state, the conical intersection is reached, allowing the molecule to relax to either 

of its two structures. However, over time, the concentration of the Z-isomer increases 

since it cannot be sensitized with the photocatalyst.[17a] 

 
Figure 1.7. Diagram of the photosensitization of trans-stilbene by a photocatalyst. 

 

In this context, we have chosen the highly phosphorescent cyclometalated complex 

[Ir(dfppy)2(dasipy)]PF6 (1, dfppy = 2-(2,4)-difluorophenyl-pyridinyl; dasipy = N,N’-

dipropiltriethoxysilane-2,2’-bipyridine-4,4’-dicarboxamide), previously reported by our 

group, as it emits at 550 nm (217 kJ/mol),[40a] slightly above the triplet energy of 

trans-stilbene (580 nm, 206 kJ/mol).[57] This complex has two terminal triethoxysilane 

groups in its structure, allowing its co-condensation with the silica precursor using in-situ 

techniques. Moreover, since there are limited comparisons in the literature regarding the 

photocatalytic activity of materials functionalized by the two aforementioned techniques, 

we proposed the synthesis of different materials, varying their characteristics and 

functionalization method, to evaluate their recyclability and reusability in the 

isomerization reaction of the trans-stilbene. 
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All the work presented in this chapter has been published in a peer-reviewed scientific 

journal, and can be consulted in: 

M. Martínez-Aguirre, E. Serrano, C. Ezquerro, E. Lalinde, J. R. Berenguer, J. García-

Martínez, M. A. Rodríguez. Hybrid organometallo-silica catalysts for sustainable visible-

light promoted olefin isomerization. Catal. Today 2023, 422, 114213. 
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1.2 Synthesis of the iridium(III) complex 

1.2.1 Synthesis and characterization 

Although the synthesis and characterization of the complex used for the 

functionalization of the materials have been previously carried out by our group,[40a] and 

they are also detailed in the PhD Thesis by Cintia Ezquerro,[58] the data are presented here 

again to establish its properties and to be able to compare them when introduced in silica 

matrices. 

The highly emissive complex [Ir(dfppy)2(dasipy)]PF6 (1) was synthesized by reacting 

[Ir(dfppy)2(NCMe)2]PF6 with the stoichiometric amount of the diimine ligand dasipy at 

room temperature, and using dichloromethane as the solvent (Scheme 1.5). The complex 

was obtained as a yellow solid that must be stored under inert atmosphere due to its ability 

to self-condensed via the alkoxysilane groups. 

 

Scheme 1.5. Synthetic route of complex [Ir(dfppy)2(dasipy)]PF6. 

 

The full characterization of the complex can be found in the experimental section of 

this thesis as well, and it was performed by elemental analysis, mass spectrometer, IR and 

NMR. 

In the IR spectrum, the weak bands corresponding to the vibration modes (C-H) of 

the aromatic rings (>3000 cm-1) and the aliphatic chains (<3000 cm-1) can be observed, 

as well as the (N-H) bands at 3400 cm-1 and the stronger (C=O) at 1665 cm-1 

corresponding to the amide group of the dasipy ligand. Other relevant bands can be 

observed at 1270 cm-1, which is attributed to the C-F bond vibration, as well as intense 

bands at 1160 and 1075 cm-1 that correspond to the bond vibrations of the triethoxysilane 

group. As for the 1H, 13C{H} and 19F{H} NMR spectra, the observed signals correspond 

to those already described (refer to Experimental Part). 
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1.2.2 Photophysical properties 

According to previously published information,[40a] the absorption spectra of complex 1 

exhibit distinct features in both solid state (Diffuse Reflectance UV-vis, DRUV) and in 

THF solution (Table 1.1 and Figure 1.8). In the high-energy region (below 300 nm), a 

prominent absorption peak is observed which, according to TD-DFT theoretical 

calculations, can be attributed to spin-allowed intraligand π-π* transitions, originated 

from the aromatic ligands dfppy (L: C^N) and dasipy (L': N^N). Additionally, a mixture 

of intraligand and ligand-to-ligand [C^N →N^N] charge transfer transitions (1IL/1LL'CT) 

contribute to the absorption in the range of 300-320 nm, along with a certain contribution 

of the metal. A less intense absorption band is observed between 340-400 nm, resulting 

from a combination of metal-to-ligand [M →N^N] and ligand-to-ligand charge transfers 

(1ML'CT/1LL'CT). Finally, and due to the strong spin-orbit coupling produced by the 

iridium center, weak absorptions are observed at lower energies (λabs 400-500 nm). These 

weak absorptions are typically associated with spin-forbidden 3ML'CT (d(Ir) →*N^N) 

and 3LL'CT (C^N →*N^N) transitions. 

Table 1.1. Absorption data in THF solution (5x10-5 M) and in solid state of complex 1.  

Sample abs/ nm (ε/ M-1 L-1) 

[Ir(dfppy)2(dasipy)]PF6 (1) 

285, 312, 380, 420, 445, 476 Solid 

260 (54.0), 274sh (47.9), 305 (31.6), 360 (8.8), 

417 (1.1), 445 (0.8), 470 (0.4) THF 

 

 

Figure 1.8. Normalized absorption spectra of complex 1 in solid state and THF solution (5x10-5 M). 
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Figure 1.9. Molecular orbitals and transitions involved in complex 1 absorption. 

 

The emissive properties of complex 1 have also been measured in solid state and in 

THF solution at RT, and the transitions were elucidated through theoretical calculations. 

In a degassed THF solution (5x10-4 M), complex 1 exhibits a brilliant yellow structureless 

phosphorescence (τ = 0.71 s,  = 56%) with a maximum wavelength at 550 nm (Figure 

1.10 and Table 1.2). As shown in Figure 1.11, the SOMO is located at the dasipy ligand, 

whereas the SOMO-1 is located at the dfppy ligands and the iridium center, so this 

emission can be attributed to a mixture of 3ML'CT/3LL'CT transitions, wherein the metal 

component plays a significant role (metal contribution to the calculated orbital = 41%). 

In the solid state, the emission appears slightly red-shifted (λmax = 560 nm), accompanied 

by reduced values of lifetime () and photoluminescence quantum yield (PLQY, ) 

(τ = 0.35 s,  = 29%). This observation aligns with the higher non-radiative decay 

constant Knr observed in the solid state compared to THF solution, indicating some degree 

of aggregation-induced quenching (ACQ) phenomena, resulting from π-π interactions 

between the ligands. 
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Table 1.2. Photophysical data in solid state and THF solution (5x10-4 M) for complex 1. All data at 
Room Temperature. 

Sample Medium (T/K) λem/ nma) τ/µsb) /%c) Kr Knr 

1 Solid 560 0.35 29.4 8.4x105 2.0x106 

 THF 550 0.71 55.8 7.9x105 6.2x105 

a) Data measured with λexc at 365 nm. Similar emission spectra obtained by excitation in the range 

365-480 nm. b) Emissions lifetimes calculated as average of a bi-exponential decay. c) λexc at 440 nm. 

 

 

Figure 1.10. Normalized emission spectra (λexc = 365 nm) at RT for complex 1 in THF solution 
(5x10-4 M) and in solid state. 

 

 
Figure 1.11. Molecular orbitals involved in complex 1 emission.  
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1.3 Synthesis and characterization of the hybrid 

organometallo-silica photocatalysts 

1.3.1 Synthesis 

The synthesis of silica materials was carried out based on Sol-Gel Coordination 

Chemistry, using TEOS as silica precursor, and CTAB (hexadecyltrimethylammonium 

bromide) as surfactant. Complex 1 has been used as the chromophore in the synthesis of 

four different materials using in-situ functionalization techniques, including gels 

(SiO2_N, SiO2_B and SiO2_OD) and nanoparticles (NP_IS), and for the preparation of 

post-synthetic grafted silica nanoparticles (NP_G). These syntheses were adapted from 

our previously reported methodology for this type of materials.[35a, 35b, 40a] 

The synthesis scheme, as well as the nomenclature used for these different hybrid 

organometallo-silica catalysts, is illustrated in Scheme 1.6. All syntheses were conducted 

under mild conditions, ranging from room temperature to 80°C. Detailed experimental 

procedures can be found in the Experimental Part. 

 

Scheme 1.6 Schematic representation of the synthesis of the hybrid organometallo-silica materials 
starting from complex 1, and the nomenclature used. 
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The first two synthesized materials, corresponding to the hybrid silica gels SiO2_N and 

SiO2_B, were prepared in the absence of surfactant, and by using NaF as a catalyst for 

the co-condensation of tetraethyl orthosilicate (TEOS) with the alkoxysilane terminal 

groups of 1. In both cases, a solution containing complex 1 and TEOS (in tetrahydrofuran, 

THF, for SiO2_N or EtOH for SiO2_B) was stirred in water at RT for 24 h, in a neutral 

media for SiO2_N (i, Scheme 1.6) or basic media for SiO2_B (ii, Scheme 1.6).[35a] The 

amount of complex 1 was carefully adjusted to achieve a nominal iridium content of 

1 wt%. 

The synthesis of both SiO2_OD and NP_IS was carried out using CTAB as a surfactant 

and triethanolamine (TEA) as the catalyst of the sol-gel processes. The synthesis of 

SiO2_OD, also targeting a nominal iridium content of 1 wt%, followed a one-pot two-step 

procedure at RT. In a first step, a solution of complex 1 in EtOH was pre-hydrolyzed in 

water for two hours in the presence of TEA and CTAB, leading to the formation of 

Organometallic Dots (OD, iii, Scheme 1.6).[35b] These particles consist entirely by 

molecules of complex 1, covalently bonded by condensation of the terminal 

trialkoxysilane groups. In a second step, TEOS was added to react with these ODs in a 

basic media for an additional 24 hours, to allow the growth of the silica nanoparticles 

encapsulating the previously formed ODs. These nanoparticles do not remain discrete, 

but rather aggregate with each other to form the final SiO2_OD material (iv, Scheme 1.6). 

The nanoparticles NP_IS reported here were also previously synthesized in our 

group,[40a] but have been included in this study because of their good emissive and textural 

properties, and as an example of an in-situ material composed of discrete nanoparticles. 

The synthesis of these nanoparticles is carried out by the rapid addition of a solution of 

complex 1 in a mixture of ethanol and TEOS to a basic aqueous solution of CTAB and 

TEA. After 10 minutes at 80ºC, a capping agent known as dimethyldiethoxysilane 

(DMDES) was added and the mixture was stirred for an additional 2 hours, leading to 

discrete nanoparticles superficially capped with methyl groups (v, Scheme 1.6). Unlike 

the rest of the materials, NP_IS has a nominal iridium content of only 0.2 wt%. Finally, 

for SiO2_OD and NP_IS, the elimination of the surfactant was achieved by ionic 

exchange with a saturated ethanolic solution of NH4NO3. 

Additionally, an analogous functionalized material was synthesized by post-synthetic 

techniques (NP_G). To obtain this material, conventional silica nanoparticles without the 

presence of iridium complex were first prepared (MSN, detailed synthesis in the 
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Experimental Part). These nanoparticles were suspended in ethanol, and the appropriate 

amount of complex 1 was added to obtain a nominal iridium content of 1 wt%. The 

reaction was stirred at RT for 24 hours in the presence of NaF to accelerate the hydrolysis 

of the alkoxy groups (vi, Scheme 1.6). 

To assess the successful incorporation of complex 1 into the five different materials 

and to confirm the preservation of its molecular structure, various analyses were 

performed, including infrared (FTIR), absorption, and emission spectroscopies (see the 

Photophysical Properties section for more detailed information on the last two 

techniques). 

The FTIR spectra of all hybrid organometallo-silica materials, including both gels and 

nanoparticles, exhibit characteristic bands corresponding to the Si–O and Si–O–Si bonds, 

as indicated in Figure 1.12. Additionally, weak absorptions attributed to complex 1 were 

observed in all spectra at approximately 3280 cm-1, 2900 cm-1 and 1500–1400 cm-1. These 

bands can be assigned to the vibrations of the N-H and C-H  bonds in the amidic moiety, 

as well as the vibrations of the aromatic groups, respectively. In the spectrum of the hybrid 

nanoparticles NP_IS, two additional bands were observed at around 1265 cm-1 and 850 

cm-1, which can be attributed to the presence of the Si-Me bonds originating from the 

DMDES capping agent used in their synthesis. 
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Figure 1.12. FTIR spectra of the silica materials (up; SiO2_N (b); SiO2_B (c); SiO2_OD (d)) and 
nanoparticles (down; NP_G (e); NP_IS (f)) in comparison with the spectrum of the pure complex 1 (a). 

(*) Characteristic absorptions of complex 1 observed in the hybrid materials.  
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1.3.2 Textural characterization 

The physisorption experiments for the textural characterization of the materials were 

carried out at the University of Alicante, in the Laboratory of Molecular Nanotechnology 

group led by Prof. Javier García Martínez. 

Figure 1.13 shows the nitrogen adsorption/desorption isotherms at 77 K, and the pore 

size distribution obtained for the five synthetized materials. A type IV isotherm, 

characteristic of mesoporous materials, is observed for all samples. 

 

 

Figure 1.13. N2 adsorption/desorption isotherms at 77 K (left) and the corresponding pore size 
distribution calculated using the NLDFT method (right) of the five mesoporous hybrid organometallo-

silica materials. 

 

The textural properties extracted from the adsorption/desorption isotherms, as well as 

the iridium metal content determined by Inductively Coupled Plasma (ICP) analysis, are 

shown in Table 1.3. 
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Table 1.3 Textural properties and metal content of the five hybrid materials. 

Sample Ira) (wt%) ABETb) 

(m2/g) 

Vp0.99,c) 

(cm3/g) 

dpd) (nm) 

SiO2_B 0.76 (1.0) 465 0.8 9.7 

SiO2_N 0.71 (1.0) 580 0.4 5.0 

SiO2_OD 0.38 (1.0) 1270 2.0 4.0/13.0 

NP_ISe) 0.11 (0.2) 1120 2.2 5.0 

NP_G 0.89 (1.0) 610 1.3 3.0 

a) Iridium content calculated from ICP mass spectroscopy analyses after treatment of the samples with 

diluted HF. Values in brackets represent the nominal metal content. b) Surface area estimated by the 

multipoint BET method using the adsorption data in the relative pressure (P/P0) range of 0.05–0.3. c) 

Total pore volume read directly from the adsorption branch of the isotherm at 0.99. d) Average pore 

diameter determined at the maximum of the pore size distribution plot obtained applying the NLDFT 

equilibrium model. e) Data obtained from reference [40a]. SiO2_N, SiO2_B and SiO2_OD were 

centrifuged and air dried before their textural characterization. All samples were degassed at 100ºC 

before gas adsorption measurements (see Experimental Part for details). 

 

An analysis of the textural data of both SiO2_B and SiO2_N gels shows a surface area 

between 500 and 600 m2/g, as well as very high incorporation percentages of the complex, 

more than 70% for both. Notably, SiO2_B exhibited textural properties similar to the 

corresponding silica material synthesized without the presence of complex 1 under 

comparable basic conditions.[35a] Thus, SiO2_B showed a total pore volume of 

approximately 0.8 cm3/g and an average pore diameter of about 10 nm, which implies 

that the introduction of the chromophore in the synthesis has not affected the textural 

properties of the material. The images obtained by the Transmission Electron Microscopy 

(TEM) analysis (Figure 1.14, top) show the characteristic aspect of an amorphous 

material with intraparticle mesoporosity. 

On the other hand, SiO2_N displayed slightly reduced total pore volume (0.4 cm3/g) 

and average pore diameter (5.0 nm) compared to the corresponding silica-free 

material,[35a] as well as to SiO2_B. This behavior has previously been attributed to the 

weaker interaction between cationic Ir(III) complexes and the silica precursor in a neutral 

medium. TEM images show that this gel is formed by the aggregation of small 
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nanoparticles of between 5 and 10 nm (Figure 1.14, center), resulting in an amorphous 

material similar to the previous one, although with differences in its textural appearance. 

As for the last synthesized mesoporous gel, SiO2_OD shows excellent textural values, 

being the material with the highest BET surface area, 1270 nm, in spite of being a gel 

type material. Its TEM images (Figure 1.14, bottom) show that it is formed by the 

aggregation of nanoparticles with an average diameter of 30-40 nm. As a result, its surface 

area is considerably larger than the other two synthetized gels, and it presents two types 

of porosity. The first type is the typical mesoporosity of materials synthesized in the 

presence of a surfactant, with an average pore diameter of 4 nm. The second type is an 

interparticle porosity with a broader size distribution, ranging from 10 to 20 nm. 

However, despite of being the material with the most interesting textural properties, it 

shows the lowest incorporation yield (40%), probably due to the functionalization 

method. Nevertheless, these values still represent a significant iridium content, making it 

suitable for use as a photocatalyst. 

 

Figure 1.14. Representative TEM images of the mesoporous silica gels SiO2_B, SiO2_N and 
SiO2_OD 
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As for the discrete nanoparticles, NP_IS shows a higher incorporation yield of 60%, 

and excellent textural properties, with a very high surface area of 1120 m2/g, the highest 

pore volume value with 2.2 cm3/g, and a pore diameter of 5.0 nm. The use of the capping 

agent DMDES, with two terminal methyl groups, results in a star-shaped morphology 

with an open mesoporosity, as can be observed in the TEM images (Figure 1.15, top). 

This feature also results in a homogeneous distribution of nanoparticle diameters 

averaging 60 nm. 

Finally, the grafting-functionalized silica nanoparticles NP_G show a very high 

incorporation yield of 90%, indicating the greater ease of complex incorporation through 

post-synthetic techniques rather than in-situ methods. When comparing its textural 

properties to the metal-free nanoparticles (MSN), NP_G shows a surface area slightly 

lower than MSN (610 m2/g vs. 760 m2/g),[40a] probably due to a partial block of the pores. 

The mesoporosity of NP_G is very similar to that of the previously mentioned materials 

(pore volume of 1.3 cm3/g and pore diameter of 3.0 nm), and the characteristic 

morphology of these mesoporous silica nanoparticles can be observed in the TEM images 

(Figure 1.15, bottom). 

 

Figure 1.15. Representative TEM images of the mesoporous silica nanoparticles, NP_IS and NP_G 
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1.3.3 Photophysical properties 

Figure 1.16 and Table 1.4 show the solid-state absorption spectra (diffuse reflectance 

spectra, DRUV) and the corresponding data for all the hybrid organometallo-silica 

materials. As shown in Figure 1.16, the DRUV spectra of all the organometallo-silica 

materials exhibit comparable absorptions to those observed for complex 1, which serves 

as evidence that the structural integrity of the chromophore remains intact as it became 

incorporated into the silica matrix. 

The absorption spectra of these materials exhibit a profile similar to that of the complex 

in solution, with lower intensity in the low-energy bands assigned to spin-forbidden 

transitions. This phenomenon can be attributed to the low concentration of the complex, 

together with its good dispersion within the silica matrix, which causes the materials to 

exhibit properties similar to those observed for 1 in solution.  

Table 1.4. Absorption data in the solid state of the hybrid organometallo-silica materials. 

Sample abs/ nm (ε/ M-1 L-1) 

SiO2_B 280, 293, 310, 353, 445, 471sh Solid 

SiO2_N 291, 311, 350, 444, 470sh Solid 

SiO2_OD 295, 308, 354, 444, 470sh Solid 

NP_IS 298, 308, 345, 418, 445, 475sh Solid 

NP_G 280, 295, 306, 345, 422, 445, 470sh Solid 

 

 

Figure 1.16. Solid state DRUV of the hybrid organometallo-silica materials 
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Regarding the emission and excitation spectra of the hybrid materials, they were 

measured both in the solid state and in CHCl3 suspensions (1 mg/ml), since this is the 

medium in which the latter photocatalytic studies were carried out. Similar to the 

absorption spectra, all materials showed similar broad emission profiles, reminiscent of 

those measured for complex 1, both in the solid state or THF solution. These data are 

presented in Table 1.5, Figure 1.17 and Figure 1.18. 

Table 1.5. Photophysical data in solid state and CHCl3 suspension (1 mg/ml) of the hybrid 
organometallo-silica materials. All data at RT. 

Sample Medium (T/K) λem/ nma) τ/µsb) /%c) Kr Knr 

SiO2_B 
Solid 580 0.29 10.0 3.4x105 3.1 x106 

CHCl3 Suspension 550 0.89 15.8 1.8 x105 9.5 x105 

SiO2_N 
Solid 570 0.49 13.0 2.7 x105 1.8 x106 

CHCl3 Suspension 565 0.57 12.5 2.2 x105 1.5 x106 

SiO2_OD 
Solid 555 0.52 12.3 2.4 x105 1.7 x106 

CHCl3 Suspension 565 0.77 10.4 1.4 x105 1.2 x106 

NP_IS 
Solid 550 0.72 50.1 7.0 x105 6.9 x105 

CHCl3 Suspension 550 1.10 42.6 3.9 x105 5.2 x105 

NP_G 
Solid 555 0.42 16.3 3.9 x105 2.0 x106 

CHCl3 Suspension 550 0.97 46.0 4.7 x105 5.6 x105 
a) Data measured with λexc at 365 nm. Similar emission spectra obtained by excitation in the range 

365- 480 nm. b) Emissions lifetimes calculated as average of a bi-exponential decay. c) λexc at 365 nm. 

 

 

Figure 1.17. Photo of the emission of the hybrid organometallo-silica materials in solid state 
(ex = 365 nm) 



 

54 
 

Chapter 1 

 

Figure 1.18. Normalized excitation (λem 450-460 nm) and emission (λexc 365 nm) spectra of the hybrid 
organometallo-silica materials at room temperature in (a) solid state and (b) in suspension of CHCl3 

(1 mg/ml). 

 

On closer inspection of the data, the hybrid silica gel SiO2_B displays in the solid state 

the largest bathochromic shift compared to complex 1, with an emission maximum at 

580 nm. However, the emission is blue-shifted in a chloroform suspension, appearing at 

the same wavelength as complex 1 in THF solution (λmax = 550 nm). This indicates an 

interaction between the solvent and the chromophore molecules, suggesting that a 

significant proportion of the complex molecules are located on the surface of the material 
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and accessible to the medium. On the other hand, the other hybrid in-situ gels SiO2_N 

and SiO2_OD exhibit emission maxima in the solid state at 570 nm and 555 nm, 

respectively. However, in CHCl3 suspension, both materials exhibit emissions at the same 

maxima (λmax = 565 nm). These three materials (SiO2_B, SiO2_N, and SiO2_OD) have 

the lowest PLQY values, ranging from 10.0% to 15.8%, both in solid state and in 

suspension. Considering the aggregation-caused quenching (ACQ) characteristics of 

complex 1 in the solid state, this fact indicates a high degree of association of the 

chromophore molecules in the silica gels SiO2_B, SiO2_N, and especially in the case of 

SiO2_OD, where the initial formation of Organometallic Dots (ODs) involved the 

condensation of very close chromophore molecules. 

On the other hand, the discrete nanoparticles NP_IS show a consistent emission 

maximum of 550 nm, regardless of the measurement medium (solid state or suspension). 

This suggests an excellent shielding of the chromophores in NP_IS and indicates similar 

emission characteristics to complex 1 in THF solution at room temperature 

(λmax = 550 nm). Moreover, NP_IS exhibits the highest emission intensity among the in-

situ materials, with PLQY values of 50.1% in the solid state and 42.6% in suspension, 

similar to complex 1 in THF ( = 55.8%). These high values observed in NP_IS can be 

attributed to its low iridium content (0.11 wt%), which allows for better dispersion and 

protection of the complex molecules by the silica matrix, effectively preventing solid 

aggregation quenching and mimicking the behavior of the chromophore in solution. 

Finally, the grafted nanoparticles NP_G display an emission maximum of 555 nm in 

the solid state, which is slightly blue-shifted to 550 nm in suspension. Compared to related 

nanoparticles synthetized by our group containing only 0.2 wt% of iridium, which 

exhibited a high PLQY of about 39%,[40a] NP_G shows a lower PLQY of 16% in the solid 

state. This reduction in PLQY is likely due to the higher incorporation of the iridium 

chromophore in NP_G (0.89 wt% of iridium), leading to some degree of quenching 

caused by the aggregation of the iridium molecules on the silica surface. However, in 

CHCl3 suspension, the PLQY of NP_G significantly increases to 46%, suggesting that 

the interaction of the solvent with the grafted iridium(III) complexes molecules reduces 

both the intermolecular π-π quenching between the chromophore molecules and the 

non-radiative decay constant. 
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Regarding the lifetimes, all hybrid materials show increased values in CHCl3 

suspension compared to the solid state (Table 1.5). This effect is particularly pronounced 

for NP_G and SiO2_B, with lifetimes in suspension more than twice the values in the 

solid state (τ 0.97 μs vs. 0.42 μs for NP_G and 0.89 μs vs. 0.29 μs for SiO2_B). 

Furthermore, these materials exhibit absorptions in the blue region of the electromagnetic 

spectrum (abs>400 nm), both in the solid state and in chloroform suspension. Therefore, 

considering all of the above, it can be concluded that the hybrid silica materials exhibit 

promising properties as potential photosensitizers. 
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1.4 Photocatalytic studies 

1.4.1 Homogeneous tests 

As indicated in the introduction to this chapter, the reaction used to measure the 

photocatalytic activity of the hybrid materials is the isomerization of trans-stilbene to 

cis-stilbene (Scheme 1.7). 

 

Scheme 1.7. Photocatalytic isomerization reaction. 

 

This well-known reaction is considered a standard for EnT reactions. Its progress can 

be easily monitored by 1H-NMR spectra (Figure 1.19), where the hydrogens on the alkene 

bond appear as a single singlet signal, both in regions of the spectrum where they do not 

overlap with other signals (~7.15 ppm for the trans-stilbene, and ~6.60 ppm for the 

cis-stilbene). 

 

Figure 1.19. 1H-NMR signals used to follow the isomerization conversions. 
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For this reason, the reactions were carried out using NMR tubes as reactors and 

deuterated chloroform as the solvent. To ensure that the iridium(III) complex was an 

effective PC for this reaction, preliminary tests were conducted using complex 1 in 

homogeneous media before proceeding with the materials. The light source for the 

irradiation was an RGB LED with a power of 50 W [max (blue LEDs) = 450 nm, ~17 W], 

and maintaining agitation at RT (see Figure 1.21 in the next section for the set-up). Two 

different molar ratios of trans-stilbene:complex 1 were employed for this study, 1:0.05 

and 1:0.02 (see Experimental Part for further details). The conversion was measured at 

15-minute intervals. The results obtained are presented in Figure 1.20. 

 

Figure 1.20. Photochemistry reaction with complex 1 as PC, in a molar proportion of trans-stilbene of 
2 mol% and 5 mol%. 

 

The tests reveal that the reaction rate depends on the molar ratio used, with a slightly 

slower rate observed when using a lower ratio (k’0.05/k’0.02 = 1.54, Table 1.6). However, 

in both cases a conversion of 85% to cis-stilbene was achieved after 1.5 hours of 

irradiation. 
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Table 1.6. Constant values of the photocatalytic activity, regression coefficients, and conversions 
reached at different times for complex 1. 

Molar ratio  

(trans-stilbene:PC) 

Conversion 

at 6 h (%) 

Maximum conversion 

(%) / Time (h) 

k' (h-1)a) Rb) 

1:0.02 85 85 / 1.0 1.337±0.021 0.9995 

1:0.05 85 85 / 1.5 2.066±0.006 0.9999 
a) 1st order reaction rate pseudophotocatalytic constant of the reaction of isomerization of trans-

stilbene into cis-stilbene obtained as the average of three runs. b) Regression coefficient. 

 

Two backgrounds tests were also conducted. In the first test, complex 1 was added in 

a molar ratio of 1:0.05 but in the absence of irradiation, while the second test was 

performed under blue light irradiation without adding the PC to the reaction media. In 

both cases, no conversion to cis-stilbene was observed even after 6 hours. This highlights 

the importance of both the photocatalyst and irradiation in driving the reaction. 
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1.4.2 Kinetic studies 

Having established that complex 1 yielded good conversion results for this reaction, 

the same test was performed using each of the five silica-based materials as 

photosensitizer. The experimental setup remained the same as the previous one (Figure 

1.21), with the corresponding amounts of material added to achieve the desired molar 

ratio (see Experimental Section for more details). 

 

Figure 1.21. Set-up used for the photocatalytic tests. 

 

The results obtained are presented in Figure 1.22 and Table 1.7. All materials exhibit 

good photoactivity, reaching a maximum conversion slightly lower than the 

homogeneous tests (~80%) after irradiation times ranging from 16 to 53 hours. The order 

of reactivity is as follows, from faster to slower: NP_G (16 h, 83%) > NP_IS (23 h, 79%) 

≥ SiO2_B (25 h, 82%) > SiO2_OD (27 h, 80%) > SiO2_N (53 h, 73%). To determine the 

factors that affect the reaction rate is complex, as different variables can be involved. 

However, these results suggest a possible synergistic contribution of two factors, the 

quantum yield of the materials, and the accessibility to the PC molecules, which is related 

to the surface areas, pore volumes and pore diameters of the materials. 
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Figure 1.22. Representation of the pseudophotocatalytic constant (k’) of the five hybrid materials for 
the first 6 hours of the reaction. 

 

Table 1.7. Constant values of the photocatalytic activity, regression coefficients, and conversions 
reached at different times for each photocatalyst. 

Photocatalyst Conversion 

at 6 h (%) 

Maximum conversion 

(%) / Time (h) 

k’ (h-1)a) Rb) 

SiO2_Bd) 50 82 / 25 0.093±0.002 0.9989 

SiO2_Nd) 20 73 / 53 0.028±0.001 0.9999 

SiO2_ODd) 33 80 / 27 0.068±0.001 0.9998 

NP_ISc) 47 79 / 23 0.097±0.002 0.9992 

NP_Gd) 59 83 / 16 0.140±0.002 0.9994 
a) 1st order reaction rate pseudophotocatalytic constant of the reaction of isomerization of 

trans-stilbene into cis-stilbene obtained as the average of three runs. b) Regression coefficient. 
c) trans-stilbene:photocatalyst molar ratio = 1:0.02. d) trans-stilbene:photocatalyst molar 
ratio = 1:0.05.  

 

The material with the highest kinetic constant, NP_G, also exhibits the highest 

quantum yield in CHCl3 suspension ( = 46%), and benefits from a better accessibility of 

the photocatalyst molecules that are covalently grafted on the surface of the nanoparticles. 
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In addition, a better dispersion in the reaction medium is favored since the morphology 

of the material consists of discrete nanoparticles. 

The next materials showing very high and similar reactivity are NP_IS and SiO2_B, 

despite their distinct morphologies (k’NP_G/k’NP_IS or SiO2_B  1.5, Table 1.7). SiO2_B is a 

disordered gel with a low quantum yield in suspension (  16%) and moderate textural 

properties. However, its photocatalytic activity and photophysical properties suggest that 

a significant fraction of complex molecules is retained on the material surface, facilitating 

interaction with the substrate. On the other hand, NP_IS consists of a material formed by 

discrete nanoparticles in which the chromophore is in a smaller amount (nominal iridium 

content of 0.2 wt% compared to 1 wt% for the rest of the hybrid catalysts), and is better 

protected within the silica matrix. However, this seems to be compensated by its high 

surface area and open porosity (ABET = 1120 m2/g, Vp = 2.2 cm3/g), together with a very 

high quantum yield in suspension ( = 42.6%). In addition, like NP_G, the discrete 

nanoparticle structure allows for improved dispersion in the reaction medium. 

Finally, SiO2_OD exhibits twice less photoactivity compared to NP_G 

(k’NP_G/k’SiO2_OD = 2.1, Table 1.7), despite having the best textural properties 

(ABET = 1270 m2/g, Vp = 2.0 cm3/g). This can be attributed to a lower quantum yield in 

suspension ( = 10.4%), and a poor photocatalyst accessibility, as the Ir(III) complex 

molecules were clustered in the ODs. As expected, SiO2_N, which has the least favorable 

combination of textural (ABET = 465 m2/g, Vp = 0.8 cm3/g) and emissive properties 

( = 12.5%), displays the lowest reactivity among all the hybrid materials 

(k’NP_G/k’SiO2_N = 5, Table 1.7). 
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1.4.3 Recyclability of the materials 

Finally, a study was conducted to investigate the recyclability of the photocatalyst. To 

this end, a total of seven catalytic cycles, each lasting six hours, were performed using 

the same isomerization reaction. Conversion measurements were taken every two hours 

of irradiation. After each six-hour cycle, the materials were recovered by centrifugation, 

washed with dry dichloromethane, and then used in the next catalytic cycle (see 

Experimental Part for details). The results obtained for each material are presented in 

Figure 1.23. 

All materials exhibit high photostability even after seven catalytic cycles, indicating 

their good recoverability and reusability for this type of photoreaction. The evolution of 

their photoactivity showed a clear correlation with their corresponding textural properties. 

Thus, the materials that show a more pronounced decrease in their photocatalytic 

activity (~20%) are NP_G and SiO2_B, which are also the ones where complex 1 is less 

protected into the silica matrix. This fact probably leads to a partial lixiviation of the 

iridium(III) molecules during the reaction or the recovery procedure of the material. 

In contrast, SiO2_OD and NP_IS, which are the hybrid materials containing the 

chromophore molecules in a more protected environment, show a smaller decrease in 

their photoactivity throughout the seven recycling cycles (~10% for SiO2_OD), or even 

no variation (for NP_IS). 

Although SiO2_N displays the least photocatalytic activity, it exhibits a consistent 

increase with each catalytic cycle (~28% in total), which seems to indicate that the 

photocatalyst molecules gradually become more exposed to the medium with use. 

However, despite showing the greatest increase in activity in percentage terms, its overall 

reactivity remains relatively low compared to the other materials. 

It is also worth mentioning that no signals corresponding to free complex 1 were 

detected by 1H-NMR in any catalytic cycle for all the hybrid materials. 
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Figure 1.23. Isomerization results and evolution of the photocatalytic activity obtained after 6 h of 
irradiation for the hybrid materials during each of the seven catalytic cycles. Experiments were carried 

out under identical conditions. 

 

After completing the recyclability studies, the two samples that exhibited the best 

catalytic performance (NP_IS and NP_G) were selected to evaluate their photophysical 

properties and compare them with their initial values. These materials serve also as 

archetypal examples of both in-situ and post-synthetic functionalization methods, 
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respectively. As shown in Figure 1.24 and Table 1.8, after undergoing seven catalytic 

cycles both materials exhibit similar emission profiles. The most notable differences are 

the reduction in quantum yield, which is more pronounced in the case of the grafted 

nanoparticles (20% for NP_IS vs. 30% for NP_G), and a slight bathochromic shift of the 

emission maximum for NP_G. 

Table 1.8. Comparison of the photophysical data in CHCl3 suspension (1 mg/ml) for the hybrid 
organometallo-silica materials NP_IS and NP_G before and after seven catalytic cycles of six hours each. 
All data at Room Temperature. 

Sample λem/ nm τ/μs /% 

NP_IS 550 1.10 42.6 

NP_IS after photocatalysis 552 0.77 33.0 

NP_G 550 0.97 46.0 

NP_G after photocatalysis 570 0.57 32.2 

 

 

Figure 1.24. Normalized emission (exc = 365 nm) spectra in CHCl3 suspension (1 mg/ml) at RT for 
the hybrid organometallo-silica materials NP_IS (left) and NP_G (right) before and after seven catalytic 

cycles of six hours each. 
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2. Chapter 2 

2.1 Introduction 

Chapter 1 is devoted to the description of several silica-based hybrid materials 

functionalized with the emissive iridium(III) complex [Ir(dfppy)2(dasipy)]PF6 (1), which 

have shown excellent photocatalytic activity for energy transfer reactions. However, 

when electron transfer reactions were attempted with these materials, the results were less 

promising. Among the five materials studied, it was observed that the deeper the 

chromophore 1 molecules were embedded in the silica matrix, the lower the 

photocatalytic performance. In fact, the four materials synthesized by in-situ techniques 

showed little or no photocatalytic activity for the photocatalytic production of 

phenanthridines from acyloximes, a reaction that proceeds through an oxidative 

quenching mechanism (Scheme 2.1). The only exception was the nanoparticles grafted 

with the complex, NP_G, which displayed some activity, obtaining a reactant:product 

ratio of 4:1 after 90 hours of irradiation. This is due not only to the improved exposure of 

the photocatalyst to the medium, which allows closer interaction with the substrate, but 

also to the fact that the silica used as a substrate acts as an insulator, preventing electronic 

transfer between the chromophore and the substrate.[59] 

In light of these findings, we decided to synthesize a heterogeneous material that would 

exclude silica as a support for the complex. This new material, composed entirely of 

complex molecules co-condensed together, can be categorized as a novel variety of 

organometallic ionosilica. The term "ionosilica" was originally introduced by Hesemann 

in 2013 to describe materials resulting from the covalent bonding of ionic molecules 

through Si-O-Si bonds, ultimately forming a neutral material (Scheme 2.2).[60] 
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Scheme 2.1. Mechanism of the photocatalytic synthesis of phenanthridine. 

 

 

Scheme 2.2. Schematic representation of an ionosilica. 

 

The synthesis and properties of these materials resemble those of Periodic Mesoporous 

Organosilicas (PMOs), which are usually obtained by hydrolysis-polycondensation 

reactions involving organic groups functionalized with trialcoxysilane moieties; often 
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with the addition of a silica precursor such as TEOS to the medium in varying 

proportions.[61] This process results in hybrid materials with very different compositions 

and structures.[62] Using this synthetic approach, it is possible to obtain PMOs with high 

mesoporosity and functionalization, in which the organic groups are integral constituents 

of the structure of the material, conferring specific physicochemical properties. 

On the other hand, Hesemann et al. introduced a synthetic method that combines 

anionic surfactants with cationic organic molecules such as quaternary ammonium or 

imidazolium, to incorporate highly ionic functionalization in the core of the 

materials.[60, 63] This method opens the door to the successful use of anionic surfactants in 

obtaining ionosilicas with structures similar to those observed in PMOs. This is achieved 

through the formation of precursor-surfactant ion pairs in the reaction mixture, serving as 

growth control agents.[64] In addition, the stronger the interaction between surfactant and 

precursor, the higher the order of the resulting materials. Figure 2.1 illustrates some of 

the precursors used by Hesemann's group, along with an example of the synthesis of an 

ionosilica.[65] 

 

Figure 2.1. a) Examples of ionosilica precursors; b) Synthesis of an ionosilica. 
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The use of ionic precursors during synthesis leads to the homogeneous distribution of 

a multitude of ionic species within the matrix of the material. In fact, according to the 

definition of these ionosilicas, the silylated cation groups form bonds with each other, 

while the anions remain mobile within the structure. This makes them very versatile 

materials, positioning them at the interface between ionic liquids and hybrid silica, and 

giving them unique properties attributable to their ionic nature.[66] These materials have 

been studied for applications in areas such as catalysis, separation and purification, energy 

storage and heat release, or photodynamic therapy and drug carrier.[67] 

Although much of the research about ionosilicas has focused on those synthesized with 

organic cationic groups, there are also some examples of these materials incorporating metals 

into their structure by post-synthetic methods. One noteworthy example in the literature 

include the use of chlorometalates in functionalized silica materials featuring imidazolium 

halide groups. Examples of this type can be found since the early 2000s, when Hölderich 

et al. successfully incorporated chloroaluminates using this methodology.[68] Later 

examples include the use of metal salts such as InCl3, FeCl2, CuCl2, and AuCl3 (Scheme 

2.3), which have been used for catalytic applications.[69] However, they present serious 

leaching problems of the metals in solution, and generally the imidazolium groups are 

grafted onto the surface of other silica materials. 

 
Scheme 2.3. Functionalized silica materials with imidazolium and chlorometalates. 

 

Indeed, a number of examples of covalent integration of cationic coordination 

complexes of transition metals, such as Re(I), Ru(II), Ir(III) or Pt(II), into silica matrices 

have been described. These cases mainly involve post-synthetic grafting,[39a, 43a, 70] 
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although there are several examples of in-situ preparations.[43f, 71] However, to our 

knowledge, there has been no attempt to synthetize an ionosilica composed exclusively 

of covalently bonded ionic coordination molecules; resembling an organometallic 

polymer in which the monomers themselves are the complex molecules. Nevertheless, 

related self-condensed neutral Zn(II) porphyrin or phthalocyanine based-materials have 

been reported.[72] On the other hand, Metal-Organic Frameworks (MOFs) and Covalent 

Organic Frameworks (COFs) serve as examples of porous materials that can incorporate 

transition metal complexes bond by covalent bonds.[24b, 73] However, their intricate spatial 

arrangements and employment of secondary building units make them an entirely 

separate class of materials. Their synthesis is often more complex, and the resulting 

crystalline materials cannot be considered polymers. Furthermore, the different units 

within their structure are typically connected using covalent bonds that are not Si-O-Si 

bonds. Instead, other types of bonds are employed, such as imine groups, formed by the 

condensation of an aldehyde with an amine, boron condensation from the dehydration 

between boronic acids, and various other strategies.[74] 

The introduction of Chapter 1 discussed the synthetic power and applications of energy 

transfer reactions. However, there is a growing interest in developing materials that are 

active in both energy transfer and electron transfer reactions. This is of significant 

synthetic interest, as the latter are an extremely versatile tool for achieving chemical 

reactions that are inaccessible by traditional methods. For example, Scheme 2.4 shows 

several molecules of interest to the pharmaceutical and agrochemical industries, where 

the use of photoredox catalysis is a key step in their synthesis.[14b] In addition, industry 

interest in the implementation of photoredox catalysis has increased due to its potential 

for continuous flow operation, which allows more uniform light penetration and efficient 

photocatalyst excitation compared to batch reactions.[75] The continuous flow process also 

enables the reactions to be scaled up for industrial production, reducing labor risks and 

industrial waste streams.[76] 
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Scheme 2.4. Examples of application of photoredox catalysis in total synthesis: a) Several examples of 
natural products with a key photoredox catalysis step; b) Photocatalytic indoline dehydrogenation as a 

key step in the sustainable synthesis of Elbasvir. 

 

The significant progress made in photoredox catalysis is mainly attributed to the 

advances of radical chemistry in chemical synthesis.[77] The generation of radicals by 

irradiation allows the activation of typically unreactive moieties of the molecules, such 

as C-H bonds, while also demonstrating considerable tolerance and compatibility with 

other functional groups within the molecule or reagents present in the medium.[78] 

Furthermore, unlike other ionic processes, the use of protective groups is not usually 

required. Additionally, it permits reactivity on highly substituted groups, including 

quaternary centers, making it attractive for natural product synthesis. The conversions 
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achieved with radical chemistry are not restricted to the familiar cyclizations; 

intermolecular additions, homolytic substitutions, and C-H functionalizations are also 

attainable.[14a, 19a] Moreover, in recent years enantioselective reactions have also been 

conducted via radical mechanisms, by combining enantioselective polar organocatalysis 

with excited-state reactivity and radical chemistry.[79] 

Although there are numerous methods for producing radicals, the cleavage of a 

carbon-halogen bond (C-X) is a well-studied and versatile approach, primarily because 

of the relatively ease of breaking this bond in a wide variety of substrates.[80] However, 

while dehalogenations may be achieved through conventional procedures such as 

metal-halogen exchange,[81] stochiometric tin hydride,[82] or the utilization of other highly 

toxic reagents,[83] photoreductive catalysis has emerged as a highly effective and 

sustainable method for generating these radicals.[84] One of the earliest reactions found in 

literature on photocatalytic reductive dehalogenation is Fukuzumi's 1990 paper,[85] which 

describes the reduction of phenacyl bromides using visible light, [Ru(bpy)3]2+ as the 

photocatalyst, and 9,10-dihydro-10-methylacridine as the stoichiometric reductant. In this 

example, the reaction undergoes a reductive quenching mechanism, as depicted in 

Scheme 2.5.[18c] This straightforward and well-known reaction can achieve high yields in 

relatively short irradiation times, and is easily monitored by 1H-NMR spectroscopy. Due 

to these factors, many research groups have adopted this reaction as a standard test of the 

efficiency of various photocatalysts under both homogeneous and heterogeneous 

conditions.[86] As such, it serves as one of the two reactions utilized in this chapter to 

evaluate the photocatalytic activity and recyclability of the new ionosilica material 

obtained. 
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Scheme 2.5. First reported photocatalytic dehalogenation of 2-bromoacetophenone. 

 

The other selected reaction involves obtaining phenanthridines from acyloximes by an 

oxidative quenching mechanism as described at the beginning of this introduction 

(Scheme 2.1). Phenanthridine derivatives are of considerable biological interest due to 

their antibacterial,[87] antifungal,[88] antiviral,[89] or anticancer activity,[90] like other 

molecules bearing N-heterocycles.[91] Not surprisingly, these compounds are present in 

pharmaceutical drugs and natural products, including trisphaeridine, nitidine, 

sanguinarine, and chelerythrine, among others (Figure 2.2).[92] 
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Figure 2.2. Examples of biologically active phenanthridine derivatives. 

 

The synthesis of these derivatives typically involves multistep synthetic routes that 

require numerous reaction sequences and severe conditions.[93] Nevertheless, due to the 

ease of breaking the N-O bond in acyloximes, it is possible to obtain radicals centered on 

the nitrogen atom that promote intramolecular cyclization and N-C bond formation.[14c] 

To our knowledge, our group was the first to report the synthesis of phenanthridine 

derivatives using photochemical methods with ultraviolet light in 2006, by means of this 

strategy.[94] Additionally, our group synthesized precursors of natural derivatives 

including this reaction in their synthetic pathway.[95] In 2015, Yu and coworkers 

published this same reaction via a single electron transfer process using the photocatalyst 

[Ir(ppy)3] under visible light and obtaining the same iminyl radical (Scheme 2.6).[96] 
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Scheme 2.6. Photochemical N-O cleavage of acyloximes to form phenanthridines. 

 

Given the biological significance of phenanthridine derivatives and our previous 

experience with these systems, we decided to use this reaction for the recyclability tests 

of our material in an oxidative quenching mechanism, as it can also be monitored by 

NMR spectroscopy. 

In summary, this chapter describes the preparation of an ionosilica synthetized by 

co-condensation reactions of the complex 1 [Ir(dfppy)2(dasipy)]PF6 used in chapter 1. 

The photocatalytic activity of the material will be compared with that of the complex 

under homogeneous conditions in two different single electron transfer (SET) 

photocatalytic reactions; a reductive quenching mechanism (dehalogenation of 

2-bromoacetophenone) and an oxidative quenching mechanism (formation of 

phenanthridines). 
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2.2 Synthesis and characterization of the 

ionosilica material 

2.2.1 Synthesis 

The synthesis strategy of the ionosilica SC-1 is again based on sol-gel chemistry, where 

the formation of intermolecular bonds mainly involves the hydrolysis and condensation 

of the triethoxisylane groups of complex 1, forming Si-O-Si bonds. To achieve this, 

complex 1 is dissolved in a minimal volume of ethanol and gradually added to water 

under vigorous stirring, ensuring a uniform dispersion of the complex within the medium. 

To further improve homogeneity, the mixture is stirred at room temperature for 1 hour. 

Next, 0.7 ml of a 0.05 M aqueous solution of NaF is added as a catalyst for the hydrolysis 

reaction between the triethoxysilane groups. The reaction mixture is set at 80ºC and 

stirred continuously for a total of 4 days (96 hours). After this period, the formation of an 

insoluble yellow solid is observed, which can be recovered from the medium by 

centrifugation. The resulting material is washed once with distilled water and twice with 

ethanol. Finally, the solid is air dried at room temperature and subsequently ground to 

obtain SC-1 as fine yellow powder. 

 

Scheme 2.7. Schematic representation of the synthesis of the new ionosilica (SC-1). 

 

The residual waters from the different washing steps showed a very weak yellow 

coloration and luminescence, indicating that a significant portion of the complex used in 

the synthesis has condensed within the material. This observation was also supported by 

the calculated yield obtained in this reaction (74%). In addition, the complex present in 

the residual water can be recovered and reused in a subsequent self-condensation reaction.  
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2.2.2 Characterization 

Chemical characterization of the material was performed using IR spectroscopy, mass 

spectrometry, and elemental analysis. 

 

Figure 2.3. FTIR spectra of the material SC-1 in comparison with the spectrum of the pure complex 1. 

 

The FTIR spectra exhibit similar bands for both complex 1 and the material SC-1 

(Figure 2.3). In the high energy region, both spectra show bands corresponding to the 

(C-H) vibration of the aromatic (>3000 cm-1) and aliphatic (<3000 cm-1) groups 

although with lower intensity in the SC-1 spectrum. Above 3300 cm-1, a low intensity 

band appears, due to the vibration of the amidic N-H bond of the dasipy ligand, together 

with the characteristic band of the C=O bond at 1660 cm-1. In the range of 

1600-1400 cm-1, signals corresponding to the C-H bond tension of the aromatic groups 

can be observed. Other significant bands include one intense narrow absorption at ca. 

560 nm, assigned to the Ir-N bond, and a very strong band at 840 cm-1, corresponding to 

the vibration of the P-F bond of the PF6⁻ anion. In fact, the presence of this absorption in 

the SC-1 spectrum agrees with the preservation of the counter-anion within the structure 
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of the material, confirming its ionic nature. Furthermore, the fact that both spectra have 

the same signal fingerprint indicates that the molecular structure of the complex is 

preserved during the self-condensation reaction. 

In addition to the characteristic bands of Si-O bonds, the spectrum of SC-1 also shows 

absorptions corresponding to Si-O-C bonds, although in the latter case the intensity is 

much lower than in the spectrum of 1. Particularly noteworthy is the case of the very 

intense band at 1071 cm-1 in the spectrum of complex 1, which is observed as a weak 

absorption for SC-1. This fact suggests that although the self-condensation reaction is 

largely complete, reducing the number of Si-O-C bonds, unreacted ethoxysilane groups 

remain in the final material structure. 

 

Figure 2.4. Mass spectrum of SC-1 (left) and simulated isotopic distribution (right). 

 

Regarding the mass spectrum of SC-1, due to the complexity of the sol-gel reaction 

and the likelihood of varying degrees of Si-O-Si bond formation among the complex 

molecules, assigning peaks from the material fragmentation is challenging. The observed 

peaks likely correspond to fragments that are more easily ionized. Specifically, the mass 

spectrum shows a signal at m/z 1073 (Figure 2.4, left), which is consistent with the 

molecular mass of the structure shown in Figure 2.5. Its isotopic distribution is also 
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consistent with calculations using the Molecular Weight Calculator program (Figure 2.4, 

right). This structure can be considered as an average molecular model of how the 

complex is generally distributed throughout the material. This representation shows that 

for each complex molecule, four of the triethoxysilane groups have hydrolyzed to form 

Si-O-Si bonds with other complex molecules, while two groups remain unreacted. This 

agrees with the findings from the infrared spectra. The empirical formula of the proposed 

model is C44H42F10IrN6O6PSi2, which also aligns with the elemental analyses conducted 

on this material (see Experimental Part for additional information). Other signals in the 

positive MALDI spectrum have been assigned but are not discussed here as they do not 

provide further information about its composition. However, it is worth noting the 

presence of a single signal at m/z 144.6 in the negative MALDI spectrum, corresponding 

to the PF6
- counter-anion. 

 

Figure 2.5. Proposed molecular structure of complex 1 in SC-1. 
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2.2.3 Textural properties 

The textural characterization of the ionosilica was carried out using different 

techniques, including nitrogen adsorption/desorption isotherms at 77 K, Powder X-Ray 

Diffraction (PXRD), Transmission Electron Microscopy (TEM) and Field Emission 

Scanning Electron Microscopy with Energy Dispersive X-Ray Spectroscopy 

(FESEM-EDX). All the experiments were carried out at the University of Alicante, within 

the Laboratory of Molecular Nanotechnology group under the supervision of Prof. Javier 

García Martínez and Dr. Elena Serrano. 

Figure 2.6 shows the nitrogen adsorption/desorption isotherms at 77 K (left) and the 

corresponding pore size distribution (right). As expected, a type II isotherm is observed 

due to the absence of surfactants in the synthesis process. This isotherm is characteristic 

of non-porous materials in which the adsorption of the nitrogen occurs at low values of 

the relative pressure P/P0. Analysis of the textural data from the isotherm reveals a small 

surface area of 28 m2/g, with no porosity (pore volume 0.03 cm3/g). 

 

Figure 2.6. N2 adsorption/desorption isotherms at 77 K (left) and the corresponding pore size 
distribution calculated using the NLDFT method (right) of SC-1. 

 

Surprisingly, the TEM images show that the material consists of discrete spherical 

particles with a wide range of particle diameters, from 30 nm to 220 nm (Figure 2.7). The 

formation of these spherical structures is striking despite the absence of surfactants and 

structure-directing agents in the synthesis, as it was initially expected that an unstructured 

material would be obtained. A plausible explanation is that, since the complex is insoluble 

in water and is initially added dissolved in ethanol, micelles of different sizes may form 
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in the reaction medium. As the reaction proceeds over an extended period of time (4 days) 

under constant temperature and stirring conditions, uniform particle growth occurs, 

resulting in the formation of these spherical structures, the shape also being driven by 

surface energy. However, it is worth noting that the absence of surfactants is evident in 

the wide range of particle diameters observed. 

 

Figure 2.7. Representative TEM images of SC-1. 

 

The X-ray powder diffraction spectrum confirms the absence of crystallinity in the 

structure, showing a pattern typical of an amorphous solid (Figure 2.8), with broad diffuse 

peak maxima at 2 ca. 10º, 21º and 40º. These features are thought to be related to short-

range ordering caused by the interactions between the Ir complex molecules. However, it 

should also be noted that XRD patterns of amorphous silica based materials usually show 

a broad peak at 2 = 21º.[97] 

 

Figure 2.8. Powder X-Ray spectrum of SC-1. 
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Finally, Figure 2.9 shows the results or the FESEM-EDX analysis, where the same 

spherical shape of the particles can be observed. The elemental mapping for iridium, 

phosphorous and silicon atoms shows a homogeneous distribution of the three elements 

over the surface of the material. Therefore, SC-1 appears to maintain a consistent 

composition throughout its structure. It is also noteworthy that phosphorous atoms are 

found exclusively in the counter-anion of the complex (PF6
-). This, together with the 

results from the infrared spectrum and negative MALDI experiments, suggests that the 

counter-anion is a constituent of the material, probably located both on the surface and 

within the material to maintain ionic neutrality. 

 
Figure 2.9. EDX analysis mapping in FESEM for SC-1. 

 

In summary, this material is composed of cationic complex molecules linked by 

Si-O-Si bonds, with the counter-anion integrated into the structure through ionic 

interactions, forming an amorphous material consisting of discrete particles with varying 

diameters. As a result, this material can be classified as a new class of organometallic 

hybrid ionosilica.  
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2.2.4 Photophysical properties 

Figure 2.10 and Table 2.1 show the solid-state absorption spectrum and associated data 

of material SC-1, together with the data of complex 1 in both solid state and THF solution 

(already commented on Chapter 1) for better comparison. As observed, the spectrum of 

the material is very similar to the spectra of complex 1, both in solution and in the solid 

state. This again supports the idea that the molecules of the complex retain their structure 

after the material is formed. Thus, all the spectra show the high energy absorptions due 

to spin-allowed intraligand π-π* transitions (below 300 nm) or 1IL/1LL'CT contributions 

(300-320 nm), together with the combination of metal-to-ligand and ligand-to-ligand 

charge transfers (1ML'CT/1LL'CT) between 340 and 400 nm. Finally, weaker low-energy 

features typically associated with spin-forbidden 3ML'CT (d(Ir) →*N^N) and 3LL'CT 

(C^N →*N^N) transitions (400-500 nm) are also observed.  

In particular, the shape of the spectrum of SC-1 more closely resembles that of the THF 

spectrum of 1, but with slightly stronger low-energy bands due to the spin-forbidden 

transitions. However, the absorption maxima align more closely with the spectra of the 

complex in the solid state. 

 

Table 2.1. Absorption data in THF solution (5x10-5 M) and in solid state of complex 1 and 
ionosilica SC-1. 

Sample λabs/ nm (ε x 103/ M-1 cm-1) 

[Ir(dfppy)2(dasipy)]PF6 (1) 285, 312, 380, 420, 445, 476 Solid 

260 (54.0), 274sh (47.9), 305 (31.6), 360 (8.8), 417 

(1.1), 445 (0.8), 470 (0.4) THF 

SC-1 295, 320, 362, 423, 446, 480sh Solid 
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Figure 2.10. Normalized absorption spectra of complex 1 in solid state and THF solution, and of SC-1 
in solid state. 

 

With regard to the excitation and emission data, these were obtained for the material in 

the solid state and in suspension (1 mg/ml) in both DMF and MeCN, as these solvents 

were used in the subsequent photocatalytic studies (Table 2.2 and Figure 2.11). 

Table 2.2. Photophysical data in solid state and THF solution (5x10-4 M) for complex 1 and in solid 
state and 1 mg/ml suspension for the self-condensed material SC-1. All data at Room Temperature. 

Sample Medium λem/ nma) τ/μsb) /% Kr Knr 

Complex 1 Solid 560 0.35 29c) 8.29x105 2.03x106 

THF 550 0.71 56c) 7.89x105 6.20x105 

SC-1 Solid 590 0.43 12d) 2.79x105 2.05x106 

DMF 585 0.56 23d) 4.11x105 1.38x106 

MeCN 585 0.54 35d) 6.48x105 1.20x106 

a) Data measured with λexc at 375 nm. Similar emission spectra obtained by excitation in the range 
365 – 480 nm. b) Emissions lifetimes calculated as mono-exponential decay or an average of a 
bi-exponential decay. c) λexc at 440 nm. d) λexc at 375 nm. 
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Figure 2.11. Normalized excitation (em 550-590 nm) and emission (exc 365 nm) spectra at room 
temperature of complex 1 in solid-state and THF solution, and SC-1 in solid (up), and of SC-1 in 

different media (down). 

 

The emission profile of the material SC-1, both in the solid state and in suspension, 

exhibits an unstructured phosphorescent yellow emission, which closely resembles that 

of the complex 1. As mentioned in Chapter 1, this emission is attributed to a mixture of 
3ML'CT/3LL'CT excited states, with a remarkable metallic character. However, in all 

spectra, the emission maxima of the material show a notable bathochromic shift of 

30-40 nm with respect to those observed for the complex. As observed for the hybrid 

nanomaterials described in Chapter 1, the emission of SC-1 shows a longer lifetime 

compared with 1 in the solid state ( ca. 0.50 s vs 0.35 s); although shorter values than 

that observed for the complex in THF solution ( 0.71 s). All these facts may be 
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attributed to a certain degree of distortion of the molecules of 1 in the self-condensed 

material SC-1 or, more likely, to the different degree of intermolecular interactions of the 

molecules in the more disordered environment of SC-1 compared to complex 1 in the 

solid state. 

Finally, in the solid state, SC-1 has an even lower quantum yield than that observed for 

complex 1 ( 12% for SC-1 vs.  29% for 1). However, in DMF or MeCN suspension, 

the quantum yield of SC-1 increases significantly ( 23% or  35%, respectively) to 

values comparable to those of solid complex 1. This phenomenon can be attributed to a 

higher light absorption in the dense SC-1 solid material than in suspension or, perhaps, 

to the interactions of the solvent with the complex molecules located on the surface of the 

material. 
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2.3 Photocatalytic studies 

2.3.1 Photocatalytic dehalogenation of 2-bromoacetophenone 

The first photocatalytic reaction aimed to assess the photoactivity and recoverability of 

the material was the dehalogenation of 2-bromoacetophenone (Scheme 2.8).  

 

Scheme 2.8. Photocatalytic dehalogenation reaction. 

 

This reaction requires the presence of 3 equivalents of triethanolamine (TEOA) as a 

sacrificial reactant. The proposed mechanism is illustrated in Figure 2.12, which is based 

on similar reactions found in the literature.[86d, 98] This reaction follows a reductive 

quenching mechanism, where the excited iridium(III) PC is reduced by taking one 

electron from the TEOA. This allows the reduction of 2-bromoacetophenone and the 

cleavage of the C-Br bond, which returns the PC to its ground state, and the two resulting 

radicals react with each other, yielding acetophenone and an imine salt that precipitates 

in the medium. 

 
Figure 2.12. Mechanism of the photocatalytic dehalogenation reaction. 
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NMR spectroscopy was employed to monitor the reaction, using known amounts of 

1,3,5-trimethoxybenzene as an internal standard. Figure 2.13 shows the signals used for 

quantification. These signals correspond to singlets and were selected for their cleanliness 

and ease of a more accurate integration. The signal at 6.09 corresponding to the protons 

in the aromatic ring of 1,3,5-trimethoxybenzene was chosen for the internal standard. 

 

Figure 2.13. 1H-NMR signals used to follow the reaction yield. 

 

Table 2.3 displays the results of the optimization experiments carried out with 

complex 1 under homogeneous conditions and with SC-1 under heterogeneous 

conditions, using a 50 W blue LED [max (blue LEDs) = 450 nm]. First, the reaction 

conditions for the complex were optimized, using deuterated acetonitrile as solvent. After 

several tests using 1 mol% photocatalyst loading, it was observed that the reaction 

reached 100% yield in just 5 minutes, both under inert atmosphere and in the presence of 

oxygen (entries 1 and 2 in Table 2.3). Significantly, these results remained consistent 

even when the amount of catalyst was reduced to 0.02 mol% (entries 3 and 4). 

Subsequently, a blank test was conducted without adding catalyst, leaving the reaction 

under stirring and irradiation for 60 minutes (entry 5). Because the LED used in the 

experiments is not monochromatic and has an emission tail, a portion of this irradiation 
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was absorbed by 2-bromoacetophenone. Consequently, a yield of 7% was obtained in the 

absence of a photocatalyst after 1 hour of irradiation. 

Table 2.3. Results of the dehalogenation reaction of 2-bromoacetophenone. 

Entry Catalyst 

loading (mol%) 

PC Time (min) Yield (%) Conditions 

1 1 1 5 100 Under N2 

2 1 1 5 100 In presence of O2 

3 0.02 1 5 100 Under N2 

4 0.02 1 5 100 In presence of O2 

5 - - 60 7 Under N2 

6 0.02 SC-1 60 Traces Under N2 

7 1 SC-1 90 88 Under N2 

8 1 SC-1 60 Traces Under N2, no TEOA 

9 1 SC-1 60 0 Under N2, no light 

 

As for the tests with the material, a preliminary attempt with 0.02 mol% catalyst 

loading under an inert atmosphere resulted in only traces of acetophenone traces after 

60 minutes of irradiation (entry 6). For this reason, a test with 1 mol% loading was 

performed, resulting in a 90% yield after 90 minutes of irradiation (entry 7). 

It was also confirmed that the addition of TEOA to the reaction was essential, as only 

traces of product were observed in its absence (entry 8). In addition, the need for 

irradiation to carry out the reaction was also confirmed (entry 9). 

After the optimization under both homogeneous and heterogeneous conditions, tests 

were carried out to evaluate the recovery and recyclability of the material. For this 

purpose, a volumetric flask was used to set up the same reaction, increasing the amount 

of material to 40 mg to minimize potential losses during recovery. A constant irradiation 

time of 90 minutes was maintained for each cycle, to allow a representative comparison 

of the material activity at the same time. The reaction was conducted under an inert 

atmosphere, with acetonitrile previously purged with nitrogen for 20 minutes. The 

photocatalyst ratio was kept at 1 mol%. After each cycle, the material was centrifuged in 

order to separate it from the reaction medium. An aliquot of the supernatant was then 

subjected to 1H-NMR analysis to determine the yield (further details of the procedure can 

be found in the Experimental Part). 
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Figure 2.14 summarizes the material recovery and washing procedure used. First, as 

mentioned above, the material was centrifuged at 20000 rpm for 15 minutes to separate 

it from the reaction medium. It was then washed with approximately 50 ml of distilled 

water to dissolve the imine salt formed during the reaction. After sonication for 10 

minutes, a second centrifugation step with the same parameters successfully removed 

almost all of the previously precipitated salt. The material was washed a second time with 

absolute ethanol, and after centrifugation, transferred back to the flask used for the 

reaction with the aid of dry dichloromethane. The solvent was then removed using a rotary 

evaporator, and the flask was subsequently heated to 100ºC under vacuum for 30 minutes 

to ensure complete drying and to remove any residual water from the washings. The flask 

was then allowed to cool to room temperature under inert atmosphere, and the solvent for 

the new catalytic cycle (previously degassed) was added. The flask was sonicated for 

1 minute, which was enough time for the material to detach from the walls of the flask 

and become uniformly resuspended in the reaction solvent. Finally, the remaining 

reagents were added, and the flask was subjected to a new irradiation cycle. 

 

Figure 2.14. Schematic representation of the photocatalyst recovery and washing process in each of 
the catalytic cycle for the dehalogenation reaction. 

 

The results of the yield obtained for each catalytic cycle are presented in Figure 2.15. 

Seven catalytic cycles were performed, each lasting 90 minutes. The material was 

recovered and cleaned according to the procedure shown in Figure 2.14. After completion 
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of cycle 7 and washing of the material, an additional cycle was performed. This time, the 

reaction was allowed to run to 100% completion, instead of the typical 90 minutes. The 

results obtained are very promising, showing only a 20% decrease in the photocatalytic 

performance of the material after seven cycles. In particular, the most significant decrease 

in activity occurred during the first three cycles (90% to 78%). Thereafter, stability was 

observed between cycles 4 and 6, and even cycle 7, considering the experimental error 

associated with quantifying the yield by NMR spectroscopy. Importantly, although the 

photocatalytic rate of the material decreased slightly in each cycle, it retained the ability 

to complete the reaction entirely in the eighth cycle, although this required a longer 

irradiation time (180 minutes). This suggests that the initial loss of activity may be 

attributed to possible material losses during the washing process rather than a decrease in 

photoactivity. 

 
Figure 2.15. Results of the yields obtained by recovering the PC and reusing it in seven consecutive 

catalytic cycles. Experiments up to the 7th cycle were carried out under identical conditions, measuring 
the yield after 90 min. (*) For the 8th cycle, the yield is obtained after 180 min. 

 

In conclusion, these results highlight the potential of the material as a heterogeneous 

photocatalyst for photoredox reactions following a reductive quenching mechanism. 

Furthermore, the material displays promising recoverability and reusability over eight 

catalytic cycles.  
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2.3.2 Photocatalytic synthesis of phenanthridine 

The second reaction tested with the material was the synthesis of phenanthridines from 

acyloximes (Scheme 2.9). 

 
Scheme 2.9. Photocatalytic synthesis of phenanthridine reaction. 

 

In contrast to the previous reaction, the presence of an external electron donor is not 

required as the same reactant acts as both the acceptor and donor in the catalytic cycle. 

Figure 2.16 outlines the reaction mechanism, which follows an oxidative quenching 

pathway.[96] Upon excitation, the photocatalyst undergoes oxidation by donating an 

electron to the acyloxime, breaking the nitrogen-oxygen bond and forming an iminyl 

radical. This radical then attacks the phenyl group, leading to intramolecular cyclization. 

The electron is then returned to the complex, restoring its initial oxidation state and 

generating a carbocation. Finally, phenanthridine is obtained by abstraction of a proton. 

 
Figure 2.16. Mechanism of the photocatalytic reaction. 
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This reaction is extremely sensitive to the presence of traces of oxygen and water in 

the medium. For this reason, the reaction is carried out under strict conditions of inert 

atmosphere, using dry DMF stored in a dry box. The conversion of the reaction was 

monitored by NMR spectroscopy, and the signals used are shown in Figure 2.17. In 

addition to the reagent and the product, other signals corresponding to a different 

substance have also been observed, although their isolation and identification have proven 

challenging. A plausible hypothesis, which fits well with the signals observed in the NMR 

spectrum is that these may correspond to the Z-isomer of acyloxime, which is unable to 

undergo reduction and break the N-O bond. However, further isolation is necessary to 

confirm this. 

 

Figure 2.17. 1H-NMR signals used to follow the conversion of the reaction. 

 

The irradiation source for this reaction was a 100 W RGB LED, using only the blue 

light component [max (blue LEDs) = 450 nm, ~33 W]. As previously stated, all of these 

tests were carried out by performing the reaction setup in a dry box using commercially 

available anhydrous DMF stored inside. The use of freshly opened commercially 

available dry DMF, compared to various DMF deoxygenation techniques such as nitrogen 

bubbling for 30 minutes prior to irradiation or the Freeze-Pump-Thaw method, resulted 
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in superior conversion rates for the homogeneous complex in previous tests. For this 

reason, it was decided to use the commercially anhydrous DMF as the solvent and to store 

it in a dry box. Table 2.4 presents the results of the optimization of this reaction, both for 

complex 1 and for the SC-1 material (see Experimental Part for further experimental 

details). 

Table 2.4. Results of the photocatalytic synthesis of phenanthridine. 

Entry Catalyst 

loading (mol%) 

PC Time (hours) Conversion (%) 

1 5 1 72 97 

2 7.5 SC-1 88 89 

3a) 5 1 24 - 

4b) - - 72 - 

5c) 5 1 24 Traces 

a) No light irradiation. b) No photocatalyst added to the reaction. c) In presence of O2. 

 

For the optimization under homogeneous conditions, it was found that this reaction 

required additional loading of photocatalyst in contrast to the previous reaction, which 

had to be increased to 5 mol%. In addition, the irradiation time was increased to 72 hours 

to achieve 97% conversion (entry 1). Optimization of the reaction using the material led 

to an increase in catalyst loading to 7.5 mol%, and an extended reaction time of 

approximately 90 hours, resulting in conversion values close to 90% (entry 2). Control 

reactions without irradiation, without photocatalyst, and in the presence of oxygen 

showed no reaction (entries 3-5). As mentioned above, this reaction is sensitive to even 

small amounts of water which can break the imine bond of the acyloxime, producing the 

biphenyl-2-carboxaldehyde. It is therefore essential to maintain strict dry conditions to 

avoid this side reaction. 

After optimizing the reaction under both homogeneous and heterogeneous conditions, 

studies were carried out to determine the recoverability and recyclability of SC-1. The 

reaction was set up in a volumetric flask using 10 mg of material, given the complexity 

and precautions required for this reaction. Irradiation was carried out for 90 hours in each 

catalytic cycle, with a constant photocatalyst loading of 7.5 mol%. Figure 2.18 illustrates 

the washing procedure optimized for material recovery in this reaction. 



 

98 
 

Chapter 2 

 

Figure 2.18. Schematic representation of the photocatalyst washing process in each of the catalytic 
cycle for the synthesis of phenanthridine. 

 

This washing procedure is similar to the one described above, but incorporates some 

key differences. Firstly, the material is centrifuged in Eppendorf tubes to allow better 

recovery due to the smaller amount used for this reaction. During initial tests, it was 

observed that the material appeared brownish in color during recovery. To overcome this 

issue, the first wash is performed with acid ethanol (pH=2) to remove any organic residues 

that may adhere to the surface of the material. After this first wash, the yellow hue of the 

material is restored, so the second wash is performed with absolute ethanol to eliminate 

any traces of acid. After centrifugation, the material is transferred back to the reaction 

flask with the help of dry dichloromethane. The solvent is evaporated, and the flask is 

heated for one hour under vacuum at 100 °C to ensure thorough removal of any traces of 

water. After adding the DMF in the dry box, the flask is sonicated for 30 minutes in the 

dark. This step was implemented due to observed difficulties in material dispersion during 

this reaction, which worsened as additional catalytic cycles were performed. Increasing 

the sonication time from the initial cycles resolved this issue. Finally, the reagents are 

added, and the reaction is irradiated with stirring for a new catalytic cycle. 

Figure 2.19 showcases the results of reusing the material for seven consecutive 

catalytic cycles. Two different results are presented for each cycle. In blue the total 
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percentage of acyloxime reacted is shown, accounting for both phenanthridine formation 

and other secondary compounds (such as the suspected Z-isomer of acyloxime or small 

amounts of aldehyde). Purple shows the conversion values for acyloxime to 

phenanthridine. 

 

Figure 2.19. Results of the conversion values obtained recovering the PC and reusing it in seven 
consecutive catalytic cycles. Experiments were carried out under identical conditions. 

 

In this case, a more pronounced decrease in the photocatalytic activity of the material 

is observed compared to the previous dehalogenation reaction. Conversion drops from 

91% to 40% in the first three cycles, although there appears to be a slight recovery of 

material activity in the fourth and fifth cycles (up to 50%). However, in the sixth and 

seventh cycles, the values obtained for both the conversion to phenanthridine and the 

acyloxime reaction values are significantly lower, reaching only 10% conversion in the 

last cycle. This trend was confirmed by repeating the test again with new material and 

seven catalytic cycles. Part of this decrease in activity may be attributed to the lower 

initial amount of material used in this reaction compared to the dehalogenation of 

2-bromoacetophenone, making small losses during washing more significant. However, 

it should also be considered that this reaction has a much longer irradiation time (90 hours 

per cycle), resulting in a total irradiation time of 630 hours for the material. In contrast, 
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the previous dehalogenation reaction had a total irradiation time of only 10.5 hours for 

the entire reuse study. Research has shown that irradiation time plays a crucial role in the 

photostability of the photocatalysts,[99] which could be a major factor contributing to the 

decline in activity. However, it is important to note that the material exhibits excellent 

performance for reactions that follow both reductive and oxidative quenching 

mechanisms. Furthermore, although this reaction is experimentally more challenging, the 

material maintains high activity values for the initial five catalysis cycles, corresponding 

to 450 hours of irradiation.  
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2.3.3 Photophysical properties of the material after 8 cycles 

Upon completion of the material recyclability tests, SC-1 was recovered and cleaned for a final 

evaluation of its photophysical properties after the photocatalytic cycles. The material used for 

these evaluations was obtained from the dehalogenation reaction of 2-bromoacetophenone, as it 

provided sufficient quantity for all required tests. Firstly, Figure 2.20 presents the plots of the 

solid-state diffuse reflectance UV-vis (DRUV) measurements for the recovered material 

compared to the initial material. The reflectance measurements are displayed on the left, along 

with the spectrum resulting from applying the Kubelka-Munk transform, which provides an 

approximate absorption spectrum on the right. 

 

Figure 2.20. Comparison of the reflectance (left) and absorption spectra (right) of SC-1 before and 
after 8 photocatalytic cycles. 

 

The graphs show that the absorbance pattern is maintained for both samples, with slight 

variations in the intensity of some bands. However, as the reflectance intensities of both samples 

are similar, it can be concluded that there are no significant differences in the absorption of the 

material after the photocatalytic cycles. 

The emission results of the material can be found in Table 2.5 and Figure 2.21. 

Table 2.5. Emission data in solid state of SC-1 before and after 8 photocatalytic cycles. All data at Room 
Temperature. 

Sample λem/ nma) /%a) 

SC-1 solid 590 12 

SC-1 solid after 8 cycles 610 2 

a) Data measured with λexc at 375 nm.  
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Figure 2.21. Comparison of the emission spectra of SC-1 before and after 8 photocatalytic cycles. 

 

In this case, a more significant difference in emission is observed before and after the 

use of SC-1 in photocatalysis. Interestingly, the emission lifetime decreases, and there is 

a shift towards longer wavelengths in the emission, similar to what was observed for 

grafted nanoparticles in Chapter 1 (NP_G). This contrasts with the nanoparticles 

synthesized through in-situ techniques also in Chapter 1 (NP_IS), where no shift in the 

emission maximum was noted. These observations would suggest that the complex 

molecules present on the surface of the material may undergo degradation when involved 

in these types of reactions, thereby altering their emission characteristics and influencing 

the overall emission of the material. However, it is plausible that the complex molecules 

located in deeper layers of the material are less affected, as they are better shielded within 

the structure of the material. Furthermore, although some of the activity has been lost, the 

material still retains its photocatalytic capabilities. It would be worth investigating ways 

to gradually reach the complex molecules in the deeper layers of the material during 

photocatalytic cycles as a possible direction for future research, as this could improve the 

overall performance of the material. 
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3. Chapter 3 

3.1 Introduction 

Organic photocatalysis has experienced significant growth in recent years, driven by 

interest in finding cost-effective and sustainable photocatalysts (PCs). Although organic 

dyes have been known for a long time, their use in synthetic applications and as 

photocatalysts has only recently attracted attention. This has led to the gradual success in 

replacing organometallic iridium(III) and ruthenium(II) complexes by organic PCs in a 

wide range of reactions, either in EnT or SET processes.[32] This transition is made 

possible by their increasingly tunable and designable properties, which directly influence 

the energy of the excited states and, consequently, their oxidation and reduction 

potentials.[100] 

A fundamental difference in their capacity as PCs between organometallic compounds 

and organic molecules lies in the excited states involved in the photocatalytic reactions. 

Ir and Ru based photocatalysts efficiently populate the T1 state due to the presence of the 

metal, which significantly impacts their ISC efficiency. On the other hand, organic 

compounds can be rationally synthesized to operate from the S1 or T1 state. 

In organic compounds, excitation to the S1 state usually occurs via -* transitions. As 

discussed in the general introduction to this thesis, the S1 state usually exhibits very short 

lifetimes, often on the order of nanoseconds. However, many photoredox reactions have 

been described in which the organic PC acts from this excited state.[33] The higher 

energetic lever of S1 compared to T1, leading to a high reduction and oxidation potential, 

allows reactions to be catalyzed that are energetically inaccessible from a triplet state. 

On the other hand, regarding the shorter lifetimes of singlet states compared to triplet 

states, it is accepted that lifetimes longer than 1 nanosecond can participate in SET 

processes, since the decay of the excited state is close to, but still above, the diffusion rate 

constant of the substrate molecules (kdiff ~ 1x1010 - 2x1010 s-1).[33] This allows organic 

dyes with fluorescence lifetimes between 2 and 20 ns to still photocatalyze SET reactions. 

Regarding the character of the excited states, similar to MLCT transitions in 

organometallic compounds, organic compounds exhibit a marked Charge Transfer (CT) 

character when their HOMO and LUMO (or SOMO and SOMO-1) are spatially separated 

within the molecule.[101] Such systems, known as donor-acceptor systems, are widely used 
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as a strategy to synthetize molecules that exhibit TADF behavior. By reducing the overlap 

integral of the orbitals, the energy of the singlet and triplet states becomes more similar, 

enabling a return to the singlet state after populating the triplet state (Figure 3.1, a). A 

common strategy to obtain these donor-acceptor systems in a single molecule is to 

introduce a so-called "magic angle” between the two parts hosting the orbitals (Figure 

3.1, b).[102] This breaks the conjugation and separates the donor from the acceptor, but as 

the angle is not strictly orthogonal, it still allows some orbital overlap and charge transfer 

from one side to the other. The generation of charge transfer (CT) states often results in 

longer excited state lifetimes compared to locally excited (LE) states.[103] However, these 

systems often have lower emission quantum yields due to the minimal orbital overlap. 

Placing the two orbitals in separate parts of the molecule allows for the rational design of 

these photocatalysts, and the HOMO-LUMO gap.[32] 

 

Figure 3.1. a) Simplified diagram on the mechanisms of emission (rISC: reverse intersystem crossing). 
b) Scheme of the donor-acceptor system. 
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The most commonly used organic photocatalysts are listed below, together with some 

of their photophysical characteristics (Figure 3.2)[33]: 

 

Figure 3.2. Most frequently employed organic PCs and their absorption range in the visible spectrum. 

 

- Xanthenes: These derivatives represent a class of compounds used as dyes for more 

than a century, although their utilization as PCs and the investigation of their excited state 

behavior are relatively recent. A complicating factor in their study is the complex 

equilibria they exhibit between their neutral and ionized forms, which significantly affects 

their absorption spectra.[33] The dianionic form, typically with higher absorptivity and 

wider absorption ranges, is usually the preferred form for photocatalysis. This category 

includes Fluorescein, Eosin Y, Erythrosine, Rose Bengal or Rhodamine,[104] to name the 

most representative ones. Among these, Fluorescein reaches the S1 state after irradiation, 

which is a moderate oxidizer and a potent reductant. It exhibits a very high fluorescence 

quantum yield (0.93) with a very short lifetime (∼4 ns), and inefficient ISC. Its 

application in photocatalysis is quite limited.[33] In contrast, Eosin Y, Erythrosine and 
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Rose Bengal exhibit highly efficient ISC due to the halogen atoms in their structure, 

which induce the heavy atom effect. The singlet state lifetimes are very short (ranging 

from 0.5 to 2.7 ns), while those of the triplet are longer (Eosin Y= 24 ms).[100b] In these 

cases, the triplet state assumes the primary importance in photocatalysis, acting as a 

moderate oxidant and reductant, with the ability to generate singlet oxygen as well.[105] 

The latter mechanism has been the most studied with these molecules, until their recent 

application in electron transfer reactions.[106] 

- Benzophenones: Compounds characterized by fast and highly efficient ISC, which is 

characteristic of carbonyl compounds with S1 and T1 states very close in energy.[33, 107] 

Although electron transfer reactions have been described,[108] their T1 state does not 

exhibit such high oxidation and reduction potential values. These compounds absorb 

primarily in the ultraviolet region, with weaker absorptions in the near-UV. 

- Cyanoarenes (dicyanoanthracenes): The family of cyanoarenes has been extensively 

studied for about 30 years,[109] and serves as a prominent example of photocatalysts that 

facilitate electron transfers from the singlet excited state.[33] Capable of oxidizing 

compounds with oxidation potentials exceeding +2.0 V and reaching reduction potentials 

between -0.7 and -1.7 V, these molecules feature an aromatic core adorned with two 

cyano groups.[33] A commercially available compound within this category is 

9,10-dicyanoanthracene (DCA), with the appearance of a yellow crystalline solid. The 

DCA core is a strong singlet excited state photooxidant, although structural modifications 

can change its mechanism of action to EnT processes.[110] 

In recent years, the most notable representative within this group of organic 

photocatalysts has been 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN) 

and its derivatives.[111] These compounds exhibit a marked donor-acceptor character, with 

the HOMO and LUMO separated into distinct regions of their structures. Although 

originally designed as efficient compounds for OLED and TADF applications,[34c, 112] 

Zhang and co-workers began to explore the potential of these donor-acceptor dyes in 

photocatalysis.[113] These compounds are highly valued for their flexibility in modifying 

their redox potentials.[114] For example, photooxidation pathways are enhanced by 

structural modifications of the isophthalonitrile fragment, where the LUMO is located. 

Conversely, photoreduction pathways are enhanced by changes in the diarylamine 

fragments, where the HOMO is located (Figure 3.3).[110] 
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Figure 3.3. 4CzIPN structure and modifications to tune the photoredox pathway. 

 

- Acridiniums: Acr-Me+ and other 9-substituted Acr-R acridiniums are molecules 

considered to be good oxidizers in their singlet excited state.[32-33] The utilization of these 

compounds as photocatalysts dates back to the work of Fukuzumi et al. in 2004.[115]  These 

molecules typically feature linked donor-acceptor moieties, with the substituent group at 

the 9-position acting as an electron donor, and the 10-alkyl/aryl acridinium cation (Acr+) 

serving as the electron acceptor.[116] They possess charge-transfer excited states with long 

lifetimes due to their orthogonal structure, which prevents charge recombination.[117] 

These compounds also exhibit broad redox potential windows, with oxidation potentials 

reaching up to +2.18 V, making them the most oxidizing organic PCs known to date.[116a] 

- Thiazines: Methylene blue, a well-known and widely used compound in various 

medical and biological applications,[118] has diverse properties that vary depending on the 

solvent and protonation state. Compared to other dyes mentioned above, methylene blue 

has an intense red absorption (650-670 nm).[119] The most relevant excited state for 

photocatalysis is the triplet state, characterized by relatively long lifetimes.[33] Although 

the energy absorption of methylene blue is comparatively low, it serves as a relatively 

good oxidant in its excited state, and is an efficient photosensitizer for singlet oxygen 

generation.[105b, 120] 

 

In addition to these families of organic compounds, the BODIPY dye 

(boron-dipyrromethene, or 4,4-difluoro-4-borata-3a-azonia-4a-aza-s-indacene) is an 

attractive alternative in photoorganocatalytic applications. The first synthesis of these 

organoboronic compounds was reported in 1968 by Treibs and Kreuzer.[121] Although 
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several synthetic routes are known, one of the main strategies to obtain these compounds 

is the condensation of two pyrrole units with an aldehyde or an acyl chloride, in the 

presence of an acid such as trifluoroacetic acid. Subsequent treatment with Et2O·BF3 

yields meso-substituted BODIPYs (Scheme 3.1).[122] 

 

Scheme 3.1. a) General structure of the BODIPY core. b) Reaction of pyrroles with an aldehyde or an 
acyl chloride for the obtention of BODIPYs. 

 

These compounds offer excellent chromophore properties, such as narrow absorption 

in the visible spectrum, high absorptivity values, high fluorescence quantum yields,[123] 

and outstanding thermal and optical stability. However, their main advantage compared 

to other organic dyes, is their versatility in post-synthetic structural modification due to 

their reactivity at the ,  and meso-positions (Figure 3.4).[122b, 124] This adaptability 

distinguishes them from other organic photocatalysts such as Rose Bengal or Methylene 

Blue, which, although being commercially available, are more challenging to 

post-modify. This ability to modify their structure makes it possible to synthetize 

BODIPYs with absorptions across the entire visible spectrum, ranging from 450 nm to 

700 nm.[125] Due to their versatility and excellent properties, their applications have 
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extended to photodynamic therapy,[126] bioimaging and sensing,[127] organic-light 

emitting devices (OLED) or Light-Emitting Electrochemical Cells (LEEC),[125, 128] 

hydrogen evolution,[129] CO2 reduction,[130] solar cells,[131] or photocatalysis.[132] 

 

Figure 3.4. Post-synthetic structural modifications of the BODIPY core. 

 

The application of BODIPYs in photocatalysis is limited by their short lifetime in their 

singlet excited states. In addition, they often exhibit low intersystem crossing efficiency, 

which limits their role as photosensitizers. However, structural modifications offer a 

promising avenue to overcome this impediment. Several strategies have been employed, 

including the incorporation of heavy atoms,[126d, 133] the synthesis of BODIPY dimers,[134] 

systems based on donor-acceptor strategies,[135] the establishment of twisted or 

orthogonal conformations,[136] and the formation of aggregates.[137] This chapter primarily 

explores two strategies, namely the incorporation of heavy atoms and donor-acceptor 

systems, often complemented by an orthogonal conformation, as already mentioned for 

other organic dyes. A brief summary of the influence of the two strategies is discussed 

below. 

 Heavy atom effect 

The presence of heavy atoms favors ISC through spin-orbit coupling interactions, 

which often leads to the formation of long-lived triplet excited states.[133] A well-known 

strategy is to introduce halogens such as bromine or iodine into the  positions of the 

BODIPY core, which strongly affects the photophysical properties of the dye.[138] As an 

example (Scheme 3.2), the addition of two iodine atoms to these positions, although 



 

114 
 

Chapter 3 

producing similar absorption behavior for the two BODIPY molecules, the 

iodo-substituted BODIPY has a significant decrease in its fluorescence quantum yield 

(F 71.2% to 2.7%).[132b] On the other hand, the lifetime of the triplet state increases to 

57.1 s. 

 

Scheme 3.2. Effect of two iodine atoms at  positions in the photophysical properties of a BODIPY. 

 

In another example by Xie et al. (Scheme 3.3),[139] this strategy was used to synthetize 

different meso-substituted BODIPYs with and without iodine atoms at the  positions, 

resulting in different singlet oxygen quantum yields (). These values are often used as 

an indicator of the efficiency of the ISC process. 
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Scheme 3.3. Xie et al. work on the heavy atom effect in different meso-substituted BODIPYs. 

 

As an alternative to halogen atoms, the inclusion of transition metals and one or more 

BODIPY moieties within the same molecule provides an intriguing synergy.[140] This 

approach not only improves the efficiency of ISC, but also alters the photophysical 

properties of both the coordination complexes and the BODIPY core in distinctive and 

compelling ways. Some research in this field has been carried out in the works of Sun 

et al.,[141] Zhang et al.,[129a] White et al.,[142] or Zhao et al.[143] (Scheme 3.4). These 

complexes bearing BODIPY moieties improve their absorption properties and the singlet 

oxygen quantum yields to respect with both the BODIPY core and the complexes. 

Interestingly, to our knowledge, the BODIPY moiety has not been incorporated into 

octahedral iridium(III) complexes through the cyclometalated ligands, but has been rather 

limited to the diimine ligand. Consequently, we embarked on the synthesis of 

phenylpyridine ligands with bonded BODIPY dyes, with the aim of exploring their 

properties and the potential for obtaining cyclometallated iridium(III) complexes with 

these ligands. 
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Scheme 3.4. Examples of octahedral complexes bearing BODIPY moieties. 

 

 Donor-acceptor-based BODIPYs 

Although the aforementioned heavy atom strategy is widely recognized, the toxicity of 

heavy metals limits the biomedical applications of these BODIPYs.[135c] Consequently, 

the search for alternative strategies that can achieve robust ISC values is essential. In this 

context, BODIPY dyes based on donor-acceptor systems are synthetized by incorporating 

an electron acceptor or electron donor moiety at the meso-position. This group is also 

positioned orthogonally with respect to the BODIPY core, thus facilitating the spin-orbit 

charge transfer ISC.[135a, 135b] Yoon et al. reported the synthesis of a BODIPY molecule 

with a phenoxazine (PXZ, a strong electron donor) at the meso-position (Figure 3.5).[135c] 

Due to the torsion angle between the two planes, the HOMO-LUMO gap increased, and 

the energy difference between the singlet and triplet state was reduced. These molecules 

exhibited far-red/near infrared emissions and a large Stokes shift. 
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Figure 3.5. Donor-acceptor BODIPY (frontier MOs diagrams obtained from Angew. Chem. Int. Ed. 
2020, 59, 8957).[135c] 

 

In addition, a combination of these two strategies can be used to further amplify the 

impact on the excited states of the dyes (Figure 3.6).[124c, 144] 

 

Figure 3.6. Synergistic effect on the combination of D-A system and heavy atom effect (UC denotes 
upconversion emission efficiency and Ith refers to intensity threshold). 

 

 

As mentioned above, and despite the growing literature on the use of BODIPYs in 

various fields, their application in photocatalysis remains relatively limited in 

comparison. Although some examples demonstrate their effectiveness in Single Electron 

Transfer (SET) and Energy Transfer (EnT) processes, BODIPYs stand out in one specific 

EnT process: the generation of singlet oxygen. In fact, the high singlet oxygen quantum 
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yields of these molecules compared to other organic dyes have made them popular in 

photodynamic therapy (PDT). PDT is a non-invasive, selective method of treating certain 

types of cancer, as specific areas of the human body can be selectively targeted by 

irradiation in the presence of a photosensitizer and molecular oxygen.[145] When these 

three elements are combined, reactive oxygen species (ROS), such as singlet oxygen, are 

formed only in the irradiated area, leading to apoptosis or cell death.[146] However, singlet 

oxygen is not only useful in PDT, but also has great potential in organic synthesis,[147] as 

it is a highly reactive species that can oxidize compounds such as phenols, sulfides and 

amines.[148] 

Due to the great interest in BODIPYs, and with the aim of obtaining iridium(III) 

compounds with BODIPY moieties in the cyclometalated ligands, we have proposed the 

synthesis of different compounds based on difluorophenylpyridine, which has been a 

recurring ligand throughout this thesis. In addition, we have explored the influence of the 

aforementioned strategies on the efficiency of the ISC process by measuring the singlet 

oxygen quantum yield, together with the performance of photocatalytic assays using the 

obtained photosensitizers.[149] 
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3.2 Synthesis and characterization of new BODIPY 

dyes 

3.2.1 Synthesis 

The synthesis of the precursors L1 and L2 was carried out by two different procedures. 

The synthesis of 2,6-difluoro-3-(pyridin-2-yl)benzaldehyde L1 has already been 

described in the literature (Scheme 3.5),[150] and involves a Stille coupling, in which an 

organostannane nucleophilic group is coupled with an electrophilic alkyl halide, in the 

presence of a palladium catalyst. 

 
Scheme 3.5. Synthesis of L1. 

 

A different procedure was used to obtain the precursor 2-fluoro-6-(N,N-

dimethylamine)-3-(pyridin-2-yl)benzaldehyde (L2) (Scheme 3.6). For this synthesis, 

difluorophenylpyridine was dissolved in dry THF, and the solution was cooled to -80ºC. 

Next, n-BuLi was added to deprotonate the acidic proton of the difluorophenyl moiety. 

After 20 minutes, dry DMF was added dropwise, and the reaction was allowed to return 

to room temperature for 20 minutes with stirring. After this time, distilled water was 

added, and the compound was extracted with dichloromethane. After purification with a 

chromatographic column, two pure compounds L1 and L2 are obtained in 98% yield. 

Under these conditions, both compounds are obtained in about 50% yield, although the 

yield of either compound can be adjusted by keeping the reaction at -80°C longer after 

addition of DMF or by heating the reaction more rapidly to room temperature. 
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Scheme 3.6. One pot synthesis of L1 and L2. 

 

The synthesis of the BODIPYs BD-1 and BD-2 was carried out following a standard 

procedure starting from an aldehyde (Scheme 3.7).[151] For this purpose, the respective 

amounts of aldehyde and pyrrole were dissolved in dichloromethane under inert 

atmosphere. After stirring the reaction overnight at room temperature, p-chloranil was 

added as a weak oxidant to remove hydrogen from the pyrroles. After one hour, NEt3 was 

added, followed by the addition of BF3·OEt2. The color of the solution changes to a very 

dark bluish color. After neutralization, the compounds were extracted in dichloromethane 

and purified by column chromatography, gradually increasing the polarity of the eluent. 

The resulting compounds show very bright emissions in solution even under sunlight, 

while the solids have a reddish color with green iridescence. The yield of these reactions 

is within those observed for this type of procedure, ranging between 20% to 30%. 

 
Scheme 3.7. Synthesis of BD-1 and BD-2 starting from their respective aldehydes. 

Iodination of the  positions has been performed by a general procedure obtained from 

the literature (Scheme 3.8),[152] using an excess of N-iodosuccinimide (4 equivalents) as 

the iodinating agent. The reactions were carried out in dichloromethane, and the color of 

the solution changes immediately from red to dark violet when the N-iodosuccinimide is 
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added. After two hours of stirring, purification through chromatographic column afforded 

dark violet solids, which showed no luminescence under UV light. 

 
Scheme 3.8. Iodination of the  positions of the two BODIPY dyes. 
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3.2.2 Characterization 

The synthetized BODIPY dyes were characterized by means of elemental analysis, 

mass spectrometry, IR and NMR spectroscopy. The most relevant data is summarized 

below, while the complete characterization can be found in the Experimental Part. 

The mass spectra (MALDI-TOF or ESI, both positive and negative) of all the 

compounds show the molecular peaks corresponding to [M]+ or [M+H+] as the base peak 

(100%). The IR spectra (Figure 3.7) showed similar fingerprint patterns among the 

BODIPYs, with very weak bands corresponding to the (C-H) vibrational modes of the 

aromatic rings (>3000 cm-1) and of the methyl groups (<3000 cm-1). An intense band is 

also observed for all compounds around 1530-1550 cm-1, which is assigned to the B-F 

bond vibrational mode.[153] Other significant bands tentatively assigned to (C-F) and 

(N-B) were observed within the 1300-1310 cm-1 and 970-990 cm-1 regions of the 

spectra, respectively. The iodine-substituted BODIPYs BD-3 and BD-4 showed a very 

intense characteristic (C-I) band, located around 525 cm-1. 

 
Figure 3.7. FTIR spectrum of the four BODIPY dyes. 
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As for the NMR spectra, all the 1H, 13C and 19F signals were assigned via 2D 

experiments (see Experimental Part). The fluorine spectra of both BD-1 and BD-3 

revealed characteristic signals of the fluorine bound to the boron atom, showing a 

quadruplet by coupling to 11B with spin 3/2. In addition, a broadening effect was observed 

at the base of the signals, due to the coupling with 10B (with spin 3) of lower intensity due 

to the lower isotopic abundance (80.35% vs. 19.65%, respectively). However, for both 

BD-2 and BD-4, a complex second-order ABX-type system is observed (Figure 3.8). This 

means the inequivalence of the two fluorine atoms bound to the boron, causing an 

AB-type coupling between them and, subsequently, with the boron atom. The 

inequivalence is caused by a break in the symmetry of the molecule, possibly due to the 

presence of the dimethylamine group in the phenylpyridine moiety of the BODIPYs. As 

this group is larger than the fluorine atom in BODIPYs BD-1 and BD-3, it prevents the 

rotation along the carbonmeso-carbonphenylpyridine bond, breaking the symmetry of the 

molecule and making the fluorine atoms non-equivalent. The same has been previously 

observed for BODIPYs with substituents that present a variable steric hindrance at the 

ortho position of the meso-phenyl moiety.[154] 

 

Figure 3.8. 19F{1H} spectra comparison of the -BF2 signal of BD-1 and BD-2. 
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The structure of BD-4 was also confirmed by X-ray diffraction spectroscopy performed 

on a green crystal obtained by slow evaporation of the solvent in a solution of BD-4 in 

deuterated chloroform. As shown in Figure 3.9, all the atoms of the BODIPY core are 

located in one plane, except for the two fluorine atoms attached to the boron atom, which 

has a tetrahedral geometry. The substituted phenylpyridine also adopts a planar 

arrangement, oriented at a dihedral angle of 76.65º with respect to the BODIPY core 

plane. The geometry exhibited by the dimethylamine group is also noteworthy. Previous 

studies by our research group hinted at the existence of planarity in cases where this group 

substituted aromatic ligands,[155] attributing it to the involvement of the two free nitrogen 

electrons in the aromaticity of the system. However, the geometry observed for BD-4 

shows a certain degree of pyramidalization at the nitrogen atom, resulting in a more 

tetrahedral geometry (C(26)-N(4)-C(27) 111.51º vs. tetrahedral angle = 109º), which 

suggests the localization of the nitrogen electron within the dimethylamine group. As 

commented later, density functional theory (DFT) calculations have been performed on 

all BODIPYs compounds, including their optimize structures for the S0 and T1 states 

(Figures A.1-2 and Table A.3 of the Annex). In particular, the calculated structural data 

for S0 agree well with those observed experimentally for BD-4, including the 

pyramidalization at the nitrogen atom and the dihedral angle between the BODIPY and 

phenylpyridine main planes (72.91º vs. 76.65º, respectively). 

 

Figure 3.9. a) Molecular structure of BD-4. Selected bond distances and angles: C(5)-C(15) 1.493(3), 
B(1)-N(1) 1.546(3), B(1)-N(2) 1.553(3), B(1)-F(1) 1.392(3), B(1)-F(2) 1.388(2), N(1)-B(1)-N(2) 

106.44(15)º, F(1)-B(1)-F(2) 109.55(16)º, C(26)-N(4)-C(27) 111.51(17)º. More data and the 
crystallographic data can be found in the Annex, Table A.1,2. b) Dihedral angle calculated between the 

best planes obtained for the phenylpyridine (in blue) and the BODIPY core (in orange).  



 

125 
 

Chapter 3 

3.2.3 Photophysical properties 

 ABSORPTION SPECTRA 

Table 3.1 and Figure 3.10-Figure 3.11 show the absorption data for the four synthesized 

BODIPYs in 5x10-6 M THF solutions. The spectra exhibit the expected pattern for these 

compounds, featuring a very intense and narrow band in the low-energy region 

(500-550 nm). For BD-1 and BD-2 this maximum appears at ca. 515 nm, whereas a 

red-shift of approximately 30 nm occurs in the spectra of the two iodinated BODIPYs 

BD-3 and BD-4, whose spectra are very similar to each other (max = 550 nm). All 

compounds show remarkably high absorbance values, more intense in BD-2 and BD-4. 

In the high-energy region, these two compounds also show a more intense band in the 

300-320 nm range. 

Table 3.1. Absorption data in THF solution (5x10-6 M) of the four BODIPY dyes. 

Sample abs/ nm (ε/ M-1 L-1) 

BD-1 375 (5.3), 394 (3.8), 484sh (20.2), 512 (65.6) THF 

BD-2 317 (27.4), 374 (5.2), 395 (4.1), 484sh (21.9), 515 (77.8) THF 

BD-3 394 (10.9), 418 (9.4), 515sh (24.9), 548 (64.5) THF 

BD-4 309 (53.1), 389 (12.9), 414 (9.8), 515sh (28.0), 548 (77.3) THF 

 

 

Figure 3.10. Absorption spectra of the four BODIPY dyes in THF 5x10-6 M. 
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Figure 3.11. Solutions of the four BODIPYs in THF. 

 

Typically, the strong absorptions in the low-energy region of BODIPYs are attributed 

to S0-S1 transitions, generally centered on the BODIPY core. To confirm the nature of 

these transitions, DFT calculations were performed on all BODIPYs compounds at the 

B3LYP/6-31G** level, using a PCM solvation method with tetrahydrofuran as solvent 

(the derived information can be found in the Annex). The calculations confirm the 

assignment of the S0→S1 transition for BD-1 and BD-3, with a remarked Locally Excited 

(LE) character centered on the BODIPY (Figure 3.12; Tables A.4-A.6 and Figure A.9 in 

the Annex). However, for BD-2 and BD-4, the main absorption leans toward an S0→S2 

transition with a higher oscillator strength than S0→S1 (Annex, Tables A.4, A.5 and A.7) 

and a smaller energy difference between HOMO and HOMO-1. These transitions show 

a mixed character between HOMO → LUMO and HOMO-1 → LUMO excitations, the 

latter being more prominent in BD-2. In this case, the transition shows a mixed LE 

character centered on the BODIPY, together with a charge transfer (CT) character from 

the phenylpyridine to the BODIPY. The presence of the dimethylamine group 

significantly affects the HOMO and HOMO-1 orbitals, potentially causing their 

displacement towards this area of the molecule compared to their analogues with the 

fluorine atom (Figure 3.12). Two reasons may explain this influence: Firstly, its 

electron-donating character with respect to the fluorine atom, and secondly, the larger 

size of this group, which results in an orthogonal position of the meso-substituent and 

eliminates the possibility of rotating along the carbonmeso-carbonphenylpyridine bond (as it has 

also been observed in the 19F{1H} NMR spectra). Previous observations on BODIPYs 

exhibiting a donor-acceptor character, also favored by the perpendicular geometry, 
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indicate that the CT character of this absorption is more favored the higher the 

electron-donating capacity of the substituent (the phenylpyridine in this case), 

constituting the BODIPY core as the acceptor.[132d] 

 

Figure 3.12. Schematic representation of the frontier MOs of the four BODIPYs. 

 

Finally, the bands observed in the high-energy region can be assigned by theoretical 

calculations to phenylpyridine-centered LE transitions, or CT transitions (BODIPY → 

ppy). 

To further explore the influence of the dimethylamine group on the photophysical 

characteristics of the BODIPYs, the absorption spectra of BD-2 and BD-4 were also 

measured after the addition of stoichiometric amounts of hydrochloric acid. This causes 

the protonation of the amine, interacting with the free electron pair of the nitrogen and 

decreasing its ability to donate electrons. Figure 3.13 shows the comparison of the spectra 

of BD-2 and BD-4 together with their protonated analogues BD-2H+ and BD-4H+. 
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Figure 3.13. Normalized absorption spectra of BD-2 protonated and unprotonated in THF 5x10-6 M 

(left), and of BD-4 protonated and unprotonated in THF 5x10-6 M. 

 

The absorption spectra reveal no fundamental differences between the protonated and 

non-protonated species, maintaining identical absorption maxima and the intense band in 

the high-energy region at ca. 310 nm. However, theoretical calculations of BD-2H+ show 

a shift in the primary character of the transition at the absorption maximum at 515 nm, 

indicating an excited state with LE character centered on the BODPIY group, similar to 

that of BD-1. This confirms the possible influence of the free electron pair of the amino 

group on the CT character of the BD-2 transition. However, although the calculations 

reveal this difference (Figure 3.14), the spectra obtained are still very similar for both 

compounds. 

 
Figure 3.14. Schematic representation of the frontier MOs of BD-2 and BD-2H+.  
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 EMISSION SPECTRA 

Emission spectra have been measured for all compounds in 5x10-5 M THF solutions at 

both room temperature and 77 K. Additionally, for compound BD-2 emissions were also 

measured in dichloromethane and toluene, as well as for its protonated analogue BD-2H+. 

The data can be found in Table 3.2 and Figure 3.15-Figure 3.19. 

 

Table 3.2. Experimental emission data in solid state and solution for the four BODIPY dyes. 

Sample Medium (T/K) λem/ nma) τ/ns (em)b) τ/s (em)c) /%d) 

BD-1 
THF (298) 527, 560sh 8.38 (527)  95 
THF (77) 540, 570sh    

BD-2 

THF (298) - - - - 
THF (77) 540, 570sh, 630sh    
DCM (298) 535, 570sh 5.25 (535) - 1.0 
DCM (77) - - - - 

Toluene (298) 535, 625 7.29 (535), 
10.8 (620) 

11.30 
(620) 3.9 

Toluene (77) 540, 570sh, 630sh    

BD-2H+ 

THF (298) 530, 570sh, 635 
5.86 (530), 
3.76 (570), 
6.35 (630) 

10.19 
(530) 5.0 

THF (77) 530, 570sh    

DCM (298) 530, 565sh 4.34 (530) 14.70 
(550) 11.8 

DCM (77) - - - - 

Toluene (298) 530, 565sh 4.44 (530), 
4.58 (570) 

13.89 
(570) 27.6 

Toluene (77) 530, 565, 620    

BD-3 
THF (298) 580, 620sh 3.35 (580)  0.6 
THF (77) 590, 615    

BD-4 THF (298) - - - - 
 THF (77) - - - - 

a) Data measured with λexc at 490 nm. Similar emission spectra obtained by excitation in the range 
300 – 500 nm. b) Emissions lifetimes calculated as mono-exponential decay or an average of a 
bi-exponential decay, measuring with a LED lamp of 495 nm. c) Emissions lifetimes calculated as 
mono-exponential decay, measuring with a pulse lamp set at 490 nm. d) λexc at 490-500 nm. 

 

Starting with compound BD-1, it shows a fluorescent emission typical of BODIPYs 

that do not undergo ISC (Figure 3.15, a). The spectrum shows a narrow band with a 

maximum of green emission at 527 nm at RT, a shoulder at 560 nm and a Stokes shift of 
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15 nm. The expected mirror image profile of the absorption and emission is also observed. 

This emission, attributed to locally excited (1LE) state centered on the BODIPY part of 

the molecule, is characterized by a very short lifetime of 8.38 ns and a very high 

fluorescence quantum yield of 95%. In fact, its high quantum yield and small Stokes shift 

make the emission easily visible under sun light (Figure 3.15, b). The emission is slightly 

structured with a vibrational spacing of 1100 cm-1, probably corresponding to a 

vibrational mode that was assigned in the IR spectrum to the N-B bonds. This structuring 

of the fluorescence band can be observed in all emission spectra measured for the 

BODIPYs, but is more pronounced in the low-temperature spectra for BD-2 and BD-2H+. 

The 77 K spectrum of BD-1 shows a bathochromic shift of 13 nm, maintaining the same 

emission profile. 

 

Figure 3.15. a) Emission spectra of BD-1 in THF 5x10-5 M at RT and 77 K. b) Photos of the solution 
under visible light (left) and under UV light (365 nm, right). 

 

BD-2 and BD-2H+ show the highest degree of solvent-induced variation in emission 

intensity.  Nevertheless, the emission maxima remain unchanged in all solvents 

[max(emission) = 535 nm for BD-2, and 530 nm for BD-2H+], with a slight bathochromic 

shift at low temperatures in the case of BD-2. The normalized and non-normalized 

emission spectra for this compound can be found in Figure 3.16. BD-2 shows no emission 

at RT in THF, while in dichloromethane and toluene a low intensity luminescence can be 

observed, with 1.0% and 3.9% quantum yields, respectively. The 535 nm maximum band 

can be assigned to a fluorescence emission, with lifetimes of 5-7 ns and a Stokes shift of 

20 nm. The low quantum yields point to non-radiative decay, either from the S1 state or 
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from dark triplet states. In the low energy range, a broader band appears in toluene, with 

a maximum at 625 nm and a lifetime of 11.30 s. These data suggest a phosphorescence 

band from a triplet charge transfer (3CT) state, favored by the orthogonal position of the 

meso-substituent. This assignation is also supported by similar cases found in the 

literature.[156] It is interesting that this band is visible in toluene, and not in 

dichloromethane or THF, where the charge separation of a CT state would be better 

stabilized. However, for other BODIPYs with Donor-Acceptor character, the explanation 

given is that if the CT state becomes excessively stabilized in polar solvents, this could 

lead to rapid charge recombination to the ground state, or an IC to a lower energy state, 

leading to deactivation by non-radiative means. This would also explain the lower 

quantum yield compared with toluene obtained in CH2Cl2 or THF compared to toluene. 

At 77 K, BD-2 is practically non-emissive in THF and dichloromethane, while in toluene 

shows a brighter luminescence (as shown in the photographs of Figure 3.18) formed 

mainly by a structured fluorescence emission at 540 nm and a slight shoulder at 630 nm, 

probably due to an inefficient ISC at low temperature. 

 
Figure 3.16. Emission spectra of BD-2 in THF, Toluene and CH2Cl2 (5x10-5 M) at RT and 77 K (left), 

and the normalized spectra (right). 

 

At room temperature, BD-2H+ exhibits a similar but brighter fluorescence pattern than 

BD-2 (Figure 3.17), with the maximum at 530 nm (Table 3.2). Notwithstanding, in this 

case, the emission in THF solution is that which clearly shows a phosphorescence 

component with a maximum at 635 nm. The quantum yield is 27% in toluene at RT, 

falling to 11.8% and 5.0% in dichloromethane and THF, respectively. A Stock shift of 
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15 nm has been calculated. At 77 K, the emissions are less intense than at room 

temperature (Figure 3.18) or very weak; again mainly due to a more structured 

fluorescence emission.  

 

Figure 3.17 Emission spectra of BD-2H+ in THF, Toluene and CH2Cl2 (5x10-5 M) at RT and 77 K 
(left), and the normalized spectra (right). 

 

 

Figure 3.18. Pictures of BD-2 and BD-2H+ in Toluene at RT (left) and 77 K (right). 

 

Initially, the emission behavior suggested a luminescence mainly contributed by a 

typical fluorescence similar to BD-1 and BD-2, with very short lifetimes, and a low 

quantum yield due to the ISC to a dark triplet state similar to BD-2. However, lifetime 

measurements between 530 and 570 nm revealed two results: a very short lifetime 

(4-5 ns) that can be associated with a fluorescence emission, and a much longer lifetime 

(10-14 s). To elucidate these results, emission spectrum and quantum yield 

measurements were performed in toluene after oxygenating the solution for 5 min (Figure 
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3.19). This solvent was chosen because it has the highest quantum yield for BD-2H+ at 

room temperature. Also, deoxygenation was performed using the Freeze-Pump-Thaw 

technique to ensure complete removal of oxygen from the solvent. 

 

Figure 3.19. Comparison of BD-2 emission in Toluene 5x10-5 M in a deoxygenated sample, and after 
bubbling for 5 minutes with oxygen. 

 

As can be seen in Figure 3.19, the band intensity of the sample decreases drastically 

after oxygenation, although the relative height of the maximum and shoulder of the band 

is maintained. This rules out the possibility of a phosphorescence emission with a 

maximum at 570 nm contributing to the double component lifetime. The quantum yield 

after oxygenation drops from 27.9% to 5.0%. All these results suggest the existence of  

some TADF character in the emission, with the band observed in the deoxygenated 

spectrum representing a mixture of normal and delayed fluorescence. The triplet state is 

probably a dark state, as observed in many organic molecules, since the phosphorescence 

of the triplet states is still a spin-forbidden process.[34c] This explanation would also 

describe the decrease in emission intensity in rigid media, since the decrease in 

temperature would prevent the reverse intersystem crossing (rISC, Figure 3.20). 
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Figure 3.20. Jablonski representation of the processes at RT vs. low temperature. 

 

Although the optimization of T2 or higher states has not been carried out by theoretical 

calculations, TD-DFT calculations performed for BD-2H+ (Anex, Table A.6) provide a 

rough estimate of its energy, with rISC being more likely to occur from a hot state T2 or 

T3, closer in energy to S1. Moreover, since the T1 state is considerably far from T2 in terms 

of energy, the return to the S1 state can compete with non-radiative deactivation. Similar 

behavior has been found in the literature for BODIPYs with meso aromatic substituents 

featuring dimethylamine groups, although the study of their behavior is not detailed in 

the article.[157] However, although all the data obtained are suggestive of TADF behavior, 

it is necessary to complete the study by measuring the lifetimes of this sample at different 

temperatures, measurements which are expected to be completed in the coming weeks, 

and before submitting this work for publication. 

Finally, compounds BD-3 and BD-4 appeared non-emissive in solution in both THF 

and toluene. Only the emission spectrum for BD-3 could be recorded in a 5x10-5 M 

solution in THF (Figure 3.21). However, the quantum yield at room temperature was less 

than 1%, which prevented the acquisition of lifetime data. At low temperature, a 

bathochromic shift similar to that of BD-1 can be observed, together with a slight band 

structuring. These observations, combined with the singlet oxygen quantum yield values 

(see next section), point to an efficient ISC for these compounds, due to the heavy atom 

effect of the two iodine atoms. 
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Figure 3.21. Emission spectra of BD-3 in THF solution (5x10-5 M) at RT and 77 K. 
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 SINGLET OXYGEN QUANTUM YIELD 

As mentioned earlier in the chapter introduction, singlet oxygen generation serves as 

another indicator of ISC efficiency in the literature, comparing the ability to generate 

singlet oxygen with the emission quantum yield. As these molecules emit mainly from 

the singlet state, low quantum yields together with high singlet oxygen generation point 

to a very efficient ISC process and to the population of the T1 state. 

THF was chosen as the solvent for these measurements, as only fluorescence-derived 

bands were observed for all BODIPYs in this solvent at room temperature. The method 

used consists of varying the absorption intensity of a compound that reacts rapidly with 

singlet oxygen, generating another invisible species in the visible range. Specifically, 

1,3-diphenylisobenzofuran (DPBF) was used, which has an intense absorption with a 

maximum at 410 nm. Its oxidation reaction is shown in Scheme 3.9. Thus, by mixing the 

photosensitizer together with DPBF and irradiating with visible light, the variation of the 

absorption as a function of irradiation time can be obtained (Figure 3.22). By using an 

external standard with absorptions similar to those of the photosensitizers, and comparing 

the linear fit, the singlet oxygen quantum yield can be obtained (Figure 3.23). For more 

details on the procedure, see the Experimental Part. 

 

 

Scheme 3.9. Oxidation reaction of DPBF. 
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Figure 3.22. Changes in the absorbance at 410 nm of the 1O2 scavenger DPBD in THF solution in the 
presence of the four BODIPY dyes and the standard (Rhodamine). 



 

138 
 

Chapter 3 

 

Figure 3.23. Linear fit of the absorbance vs. time. 

 

The singlet oxygen quantum yield results (
PC) can be found in Table 3.3, together 

with the quantum yield values in THF (5x10-5 M). Rhodamine B was chosen as the 

external standard, because it has very similar absorption to the synthesized BODIPYs and 

its singlet oxygen quantum yield has been measured, although it is very low.[158] 

Table 3.3. Experimental values of the slope of the linear fit, the singlet oxygen quantum yields (
PC) 

and the fluorescence quantum yields (F). 

Sample Slope 
PC (%) F (%) 

Rhodamine B -1.37E-04 0.016 - 

BD-1 -2.59E-04 5.2 95.0 

BD-2 -2.13E-03 35.9 0 

BD-3 -9.43E-03 93.6 5.0 

BD-4 -5.82E-03 59.0 0.6 

 

As expected, BD-1 has a very low singlet oxygen quantum yield of 5.2%, in line with 

its high fluorescence quantum yield of 95.0%. The absence of heavy atoms or 

orthogonality at the meso-position substituent means a minimal ISC in this BODIPY. 

However, for compound BD-2 a 
PC value of 35.9% is obtained, although no emission is 

observed at room temperature in THF. This highlights the donor-acceptor effect in the 

ISC, facilitated by the aforementioned orthogonality, which allows this molecule to 

function as a triplet photosensitizer. 
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The highest 
PC values are obtained for BODIPYs BD-3 and BD-4, with values of 

93.6% and 59.0% respectively, attributable to the heavy atom effect. Moreover, their 

fluorescence quantum yield values are very low, confirming a very efficient ISC towards 

the triplet state.  Interestingly, although BD-4 possesses both heavy atom and 

donor-acceptor characteristics, its 
PC is lower than that of BD-3. This discrepancy could 

be attributed to the polar nature of the solvent in the THF measurements, which stabilizes 

the possible CT state, as seen in its analogue BD-2 without iodine. This solvent-induced 

stabilization could lead to a competition between oxygen sensitization and non-radiative 

deactivation, the latter being potentially more efficient in this medium. The influence of 

the solvent is further examined in the photocatalysis studies described in the next section.  



 

140 
 

Chapter 3 

3.3 Photocatalytic studies 

The ability of the synthesized BODIPYs to generate singlet oxygen in the 

photocatalytic oxidation of dibenzylamine was also evaluated (Scheme 3.10). 

 

Scheme 3.10. Photocatalytic oxidation of dibenzylamine. 

 

The reactions were carried out using a green LED of ~17 W power (max = 520 nm) as 

irradiation source, with a photocatalyst ratio of 2 mol%. A constant oxygen flow was 

maintained during the irradiation. More detailed information of the experimental setup is 

given in the Experimental Part. The progress of the reaction was followed by 1H-NMR 

spectroscopy and the conversion ratio was determined from the integrals of the signals 

shown in Figure 3.24. 

 

Figure 3.24. 1H-NMR signals used to follow the conversion of the reaction. 

 

Table 3.4 shows the conversion results, with the solvents used for each compound. 

Mainly toluene-d8 and THF-d8 have been used, with an additional test in deuterated 

chloroform for BD-2. The quantum yield values for singlet oxygen (
PC) in THF are also 
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included in Table 3.4. It should also be noted that background tests performed in the 

absence of photocatalyst, light or in an inert atmosphere did not yield conversion values. 

Table 3.4. Results of the photocatalytic activity of the four synthetized BODIPYs in different solvents. 

Photocatalyst Solvent 
% Conversion 

PC (%) in 

THF 2h 4h 

BD-1 Tol-d8 3 6 5.2 

BD-2 

Tol-d8 31 59 

35.9 THF-d8 11 27 

CDCl3 24 54 

BD-3 
Tol-d8 100 - 

93.6 
THF-d8 100 (75 min) - 

BD-4 
Tol-d8 58 96 

59.0 
THF-d8 83 100 (3 h) 

 

The results show a direct correlation between the 
PC of the photocatalysts and the 

reaction rate. BD-1, with minimal ISC, showed a conversion of less than 6% after 4 hours 

of irradiation. However, BD-2 showed a significantly variable conversion depending on 

the solvent used. In THF, where the compound shows no emission and has a 
PC of 

35.9%, a conversion of 27% was observed after 4 hours, while in chloroform and toluene 

the conversion increased to almost 60%, pointing to a better sensitization to singlet 

oxygen in these solvents. BD-3 and BD-4 gave the most favorable results in both THF 

and toluene, showing superior conversion in THF. 

As these two compounds showed the best results, the kinetic constants of the reaction 

were measured in both THF and toluene. For these experiments, the reaction set-up was 

maintained as before, but the irradiation was stopped every 15 minutes to perform an 
1H-NMR measurement. The reaction was repeated consistently three times for each 

photocatalyst and solvent, with the average values used for the analysis and the standard 

deviation as weight in the fitting process. The results are shown in Figure 3.25, where the 

k’(min-1) (slope) and R2 values are also given. BD-3 showed the highest kinetic constants 

in both solvents, two and three times higher than BD-4 in toluene and THF, respectively. 

This fact may indicate a certain negative synergy between the heavy atom effect and the 

orthogonalization of the phenylpyridine group in BD-4. Notwithstanding, BD-4 also 
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displayed very good values, reaching 80% and 60% conversion in THF and toluene after 

two hours. 

 

Figure 3.25. Linear fit of the conversion (%) vs. time (min) for the oxidation of dibenzylamine in 
THF-d8 and Tol-d8 using BD-3 and BD-4 as photocatalysts. k’(min-1) is the 1st order reaction rate 

pseudophotocatalytic constant of the reaction. 

 

Our donor-acceptor system in BD-2 showed good efficacy for ISC, as demonstrated by 

all the data presented in this chapter. These results present BD-2 as a competent 

photosensitizer without the need of heavy atoms. Moreover, the protonation of its 

dimethylamine group suggests the possibility of a BODIPY with TADF behavior. 

However, as shown by the singlet oxygen quantum yields and photocatalysis results, the 

best method for efficient ISC in our photosensitizers is the incorporation of iodine atoms 

at the  positions of the BODIPY core. 
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Summary 

The great development experienced in recent years in the use of photocatalytic 

reactions in the synthesis of highly relevant organic compounds, together with the 

progressive application of these reactions in industry, has made it desirable to search for 

sustainable photocatalysts, maintaining the properties of the commonly used transition 

metal compounds. Although several strategies are being explored, in the context of this 

thesis two main ones have been studied: the heterogenization of emissive organometallic 

iridium(III) complexes, and the use of organic photocatalysts. 

In Chapter 1, we have carried out the synthesis of five silica-based materials 

incorporating the iridium(III) complex [Ir(dfppy)2(dasipy)]PF6, which has two 

triethoxysilane groups in its structure. These materials have been obtained by different 

synthesis and functionalization techniques. By means of post-synthetic functionalization 

methods, a material formed by mesoporous silica nanoparticles with the complex 

incorporated by superficial covalent bonding (grafting) techniques has been synthesized 

(NP_G). Four other materials have been obtained by in-situ functionalization methods. 

Three of them are hybrid silica gels (SiO2_N, SiO2_B and SiO2_OD), with different 

morphology that influence the degree of exposure of the complex to the medium, while 

the fourth is formed by discrete nanoparticles (NP_IS). After studying their textural and 

photophysical properties, their photocatalytic activity has been evaluated in the 

trans-stilbene isomerization reaction, which takes place through an EnT mechanism. 

Once the reaction conditions were optimized, and the kinetic constant for each material 

was obtained, the recoverability of the five materials was studied, analyzing the influence 

of the morphology and the functionalization method on their reusability. 

In Chapter 2 a new material was synthesized, based on the same cationic complex 

used in chapter 1. However, for the synthesis of this material no additional source of silica 

was added, resulting in a new kind of ionic material composed entirely of covalently 

bonded molecules of the complex. After studying the textural and photophysical 

properties of the material, it was used as a photocatalyst in two photoredox reactions, the 

photocatalytic dehalogenation of 2-bromoacetophenone, and the synthesis of 

phenanthridine from acyloximes. As with the materials synthesized in chapter 1, after 

optimizing the reaction conditions, the recovery and recyclability of the material in 

successive catalytic cycles was also studied. 
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Finally, in Chapter 3, we have developed the synthesis of four compounds based on 

the structure of BODIPYs with phenylpyridine groups in the meso-position. For the 

synthesized BODIPYs, two methods to improve the ISC efficiency have been studied. 

Firstly, the well-known influence of iodination of the alpha positions of the BODIPY 

fragment and, secondly, the possibility of orthogonalization of the phenylpyridine group 

at the meso position of the BODIPY, with formation of a D-A system. The photophysical 

properties of the four BODIPYs have been measured, and theoretical calculations were 

carried out to perform a better assignment of the transitions. To better establish the 

efficiency of the ISC, the singlet oxygen quantum yield of the four BODIPYs was 

measured, as well as their use in the photocatalytic reaction of the oxidation of 

dibenzylamine. 
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Conclusions 

The conclusions drawn from the thesis are presented below, separated by their 

respective chapters for a better understanding: 

Chapter 1 

- The functionalization methods employed have successfully achieved the 

incorporation of the iridium complex in hybrid silica materials of different morphologies 

while preserving their photophysical properties. 

- The differences in the photocatalytic activity of the materials for the trans-stilbene 

isomerization reaction can be attributed to a mixture between their emissive properties 

and the accessibility of the iridium complex to the medium. The material with the highest 

photoactivity is the nanoparticles functionalized by post-synthetic techniques (NP_G). 

- The recoverability of the materials and their reusability is higher for materials 

synthesized by in-situ techniques. 

- For the rational design of heterogeneous hybrid photocatalysts, it is necessary to find 

a balance between the accessibility of the chromophore to the medium, as well as its 

integration and protection in the material, and the mimicry of the emissive properties of 

the chromophore in solution. Of all the materials tested, NP_IS presents the best balance. 

- Organometallic-silica hybrid materials have proven to be very stable heterogeneous 

photocatalysts for energy transfer processes under visible irradiation. 

Chapter 2 

- The synthesis of organometallo-ionosilicas has proven to be a very efficient method 

for the heterogenization of photocatalysts. The SC-1 material is very versatile, being able 

to act as both a photooxidant and as a photoreductor. 

- The recovery of the material can be adapted to the needs of each reaction, adding the 

necessary washing steps in each case. 

- The recoverability values are very good, probably due to the possibility of accessing 

new layers of heterogeneous complex as leaching occurs. 
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- The irradiation time plays a very important role in the stability of the materials, as 

well as in their recoverability. 

Chapter 3 

- The orthogonality caused by the dimethylamine group in the BODIPYs BD-2 and 

BD-4 has been related by theoretical calculations with a charge transfer character in their 

excited states. Thanks to this feature, BD-2 is a BODIPY with a good ISC efficiency 

thanks to the D-A system, being favored or hindered depending on the solvent. 

- BD-3 and BD-4, however, show the highest ISC efficiency, due to the heavy-atom 

effect of the two iodinated alpha positions. 

- In the case of BD-4, some negative synergy between the heavy atom effect and the 

D-A system has also been detected, with a large variation in singlet oxygen quantum 

yields depending on the solvent used. 

- All four BODIPYs have been successfully employed as organic photocatalysts, also 

using a green LED as irradiation source, instead of the more energetic blue light used in 

the previous two chapters. 

- A greater influence on the ISC efficiency has been observed for BODIPYs with heavy 

atoms than for those with a D-A system. 

- BD-2H+ has been found to have very interesting photophysical properties of its own. 

All the experiments performed so far suggest a TADF behavior, which would be one of 

the first observed and studied in BODIPYs. 
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Resumen 

El gran desarrollo que ha experimentado en los últimos años el empleo de reacciones 

fotocatalíticas en síntesis de compuestos orgánicos de gran relevancia, junto con la 

progresiva aplicación de estas reacciones en la industria ha hecho deseable la búsqueda 

de fotocatalizadores sostenibles, que mantengan las propiedades de los compuestos de 

metales de transición empleados habitualmente como fotocatalizadores. Aunque varias 

estrategias están siendo exploradas, en el contexto de esta tesis se han estudiado 

principalmente dos: la heterogeneización de complejos organometálicos luminiscentes de 

iridio(III), y el empleo de fotocatalizadores orgánicos. 

En el capítulo 1, se ha llevado a cabo la síntesis de cinco materiales de base silícea, 

incorporando en su estructura el complejo de iridio(III) [Ir(dfppy)2(dasipy)]PF6, que 

cuenta en su estructura con dos grupos trietoxisilano. Estos materiales han sido obtenidos 

empleando diferentes técnicas de síntesis y funcionalización. Mediante métodos de 

funcionalización post-sintéticas, se ha sintetizado un material formado por nanopartículas 

mesoporosas de sílica con el complejo incorporado mediante técnicas de unión covalente 

o grafting (NP_G). Mediante métodos de funcionalización in-situ, se han obtenido cuatro 

materiales, tres de tipo gel (SiO2_N, SiO2_B y SiO2_OD), con distinta morfología que 

afecta al grado de exposición del complejo al medio, y un cuarto que presenta 

nanopartículas discretas (NP_IS). Tras estudiar sus propiedades texturales y fotofísicas, 

su actividad fotocatalítica ha sido evaluada en la reacción de isomerización del 

trans-estilbeno, reacción que tiene lugar mediante un mecanismo de transferencia 

energética (EnT). Una vez optimizadas las condiciones de reacción, y obtenida la 

constante cinética para cada material, se estudió la recuperabilidad de los cinco 

materiales, observando la influencia de la morfología y el método de funcionalización en 

la capacidad de reutilización de los mismos. 

En el capítulo 2 se sintetizó un nuevo material, basado en el mismo complejo catiónico 

empleado en el capítulo 1. Sin embargo, para la síntesis de este material no se añadió 

ninguna fuente adicional de sílica, obteniéndose un nuevo tipo de material iónico formado 

exclusivamente por moléculas de complejo enlazadas de forma covalente entre sí. Tras 

estudiar las propiedades texturales y fotofísicas del material, se empleó como 

fotocatalizador en dos reacciones fotoredox, la deshalogenación fotocatalítica de la 

2-bromoacetofenona, y la obtención de fenantridina a partir de aciloximas. Al igual que 
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con los materiales sintetizados en el capítulo 1, tras optimizar las condiciones de reacción, 

se estudió su recuperación y reciclabilidad en sucesivos ciclos catalíticos. 

Por último, en el capítulo 3, se llevó a cabo la síntesis de cuatro compuestos basados 

en la estructura de BODIPYs, con grupos fenilpiridinas en la posición meso. En las 

BODIPYs sintetizadas, se han estudiado dos métodos para mejorar la eficacia del cruce 

intersistema (ISC). En primer lugar, la conocida influencia de la yodación de las 

posiciones alfa del fragmento BODIPY y, en segundo lugar, la posibilidad de 

ortogonalización del grupo fenilpiridina en la posición meso de la BODIPY, con 

formación de un sistema D-A. Se han medido las propiedades fotofísicas de las cuatro 

BODIPYs, y se realizaron cálculos teóricos para poder llevar a cabo una mejor asignación 

de las transiciones. Para terminar de establecer la eficacia del ISC, se midió el rendimiento 

cuántico de oxígeno singlete de las cuatro BODIPYs, así como su uso en la reacción de 

fotocatálisis de oxidación de la dibencilamina. 
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Conclusiones 

Las conclusiones extraídas de la tesis se exponen a continuación, separadas por sus 

respectivos capítulos para una mayor comprensión: 

Capítulo 1 

- Los métodos de funcionalización empleados han conseguido con éxito la 

incorporación del complejo de iridio en materiales híbridos de sílica con distintas 

morfologías, preservando sus propiedades fotofísicas. 

- Las diferencias en la actividad fotocatalítica de los materiales para la reacción de 

isomerización del trans-estilbeno se puede atribuir a una mezcla entre la accesibilidad del 

complejo al medio y sus propiedades emisivas. El material con mayor fotoactividad son 

las nanopartículas funcionalizadas mediante técnicas post-sintéticas NP_G. 

- La recuperabilidad de los materiales y su capacidad de reutilizarlos es mayor en los 

materiales sintetizados mediante técnicas in-situ. 

- Para el diseño racional de fotocatalizadores híbridos heterogéneos, es necesario 

encontrar un equilibrio entre la accesibilidad del cromóforo al medio, así como su 

integración y protección en el material, y la imitación de las propiedades emisivas del 

cromóforo en disolución. De todos los materiales probados, el que mejor equilibrio 

presenta es el NP_IS. 

- Los materiales híbridos organometalo-sílicas han demostrado ser fotocatalizadores 

heterogéneos muy estables para procesos de transferencia energética bajo iluminación 

visible. 

Capítulo 2 

- La síntesis de organometalo-ionosílicas ha demostrado ser un método muy eficaz para 

la heterogeneización de fotocatalizadores. Además, el material SC-1 es muy versátil, 

pudiendo actuar tanto como fotooxidante como fotoreductor. 

- La recuperación del material se puede adaptar a las necesidades de cada reacción, 

añadiendo los pasos de lavado necesarios en cada caso. 

- Los valores de recuperabilidad son muy buenos, posiblemente gracias a poder acceder 

a nuevas capas de complejo heterogéneo a medida que se produce lixiviación. 
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- El tiempo de irradiación puede jugar un papel muy importante en la estabilidad de los 

materiales, así como en su capacidad de recuperación. 

Capítulo 3 

- La ortogonalidad causada por el grupo dimetilamino en las BODIPYs BD-2 y BD-4 

se ha relacionado mediante cálculos teóricos a un carácter de transferencia de carga en 

sus estados excitados. Gracias a esta característica, BD-2 es una BODIPY que presenta 

una buena eficacia de ISC gracias al sistema D-A, viéndose favorecida o perjudicada 

según el disolvente. 

- BD-3 y BD-4 presentan sin embargo la mayor eficacia de ISC, debido al efecto del 

átomo pesado gracias a las dos posiciones alfa yodadas. 

- Para BD-4 se ha detectado cierta sinergia negativa entre los efectos de átomos 

pesados, y el sistema D-A, observándose una gran variación en la generación de oxígeno 

singlete según el disolvente empleado. 

- Las cuatro BODIPYs han sido empleadas con éxito como fotocatalizadores orgánicos, 

empleando además como fuente de irradiación un LED verde, en lugar de la luz azul más 

energética empleada en los dos capítulos anteriores. 

- Se ha observado una mayor influencia en la eficacia del ISC en las BODIPYs con 

átomos pesados, por encima de aquellas con un sistema D-A. 

- BD-2H+ ha resultado tener unas propiedades fotofísicas muy interesantes por sí 

misma. Todos los experimentos realizados hasta el momento hacen sospechar de un 

comportamiento TADF, que sería uno de los primeros observados y estudiados en 

BODIPYs. 
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E. Experimental Part 

Instrumental and spectroscopic techniques used 

in the characterization of both the compounds 

and materials 

Elemental analysis 

Elemental analyses were made in a Carlo Erba EA1110 CHNS/O microanalyzer 

(Chapter 1 and 2) or in a Perkin-Elmer 2400 CHNS/O microanalyzer (Chapter 3). 

Mass Spectrometry 

Mass spectra were recorded on a Microflex MALDI-TOF Bruker spectrometer 

operating in the linear and reflector modes using dithranol as the matrix. When recording 

Electrospray Mass spectra, an ESI/APCI Bruker Microtof-Q spectrometer was used, with 

positive and negative ion mode with MeOH/H2O 90/10 and 0.1% formic acid as a mobile 

phase operating in the negative FAB mode. 

Infrared Spectra 

IR spectra were recorded both on a Nicolet Nexus FT-IR spectrometer from 4000 to 

200 cm-1, where all samples were prepared as KBr pellets, or on a Perkin Elmer FT-IR 

Spectrometer Spectrum Two with the diamond crystal ATR accessory in the wavenumber 

range from 4000 to 400 cm-1. 

Nuclear Magnetic Resonance (NMR) 

NMR spectra were obtained on Bruker ARX-300 and ARX-400 spectrometers using 

CDCl3 and acetone-d6 as solvents. Chemical shifts are reported in parts per million (ppm) 

relative to external standards (SiMe4 for 1H and 13C{1H}). All coupling constants are 

given in hertz (Hz). 1H and 13C{1H} NMR spectra were assigned by means of 2D 

experiments (1H-1H COSY and 1H-13C HSQC and HMBC). 
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UV-Vis Spectroscopy 

UV-vis spectra in solution were recorded on an Agilent 8453 spectrophotometer, using 

quartz cuvettes with 1 cm of optical path. Solid-state Diffuse Reflectance UV-vis 

(DRUV) spectra were acquired using a Shimazdu UV-3600 spectrophotometer with a 

Harrick Praying Mantis accessory coupled to it, and recalculated following the Kubelka 

Munk function. The samples were diluted in KBr powder for complexes and BODIPY 

dyes, and silica for the self-condensed material. The materials from Chapter 1 were 

recorded without diluting the samples and using silica as background. 

Luminescence spectroscopy, lifetimes and quantum yields 

The excitation and emission spectra for compounds in Chapter 1 were obtained on a 

Jobin-Yvon Horiba Fluorolog 3-11 Tau-3 spectrofluorimeter. For compounds in Chapter 

2 and 3, the spectra were measured on an Edinburgh FLS 1000 spectrofluorimeter. The 

lifetime measurements were performed on either an Edinburgh FLS 1000 

spectrofluorimeter with a µF2 pulse lamp (Power: 100 W, Fuse: 3.15 Amp A/S), or in a 

Datastation HUB-B with a nanoLED controller ad software DAS6 for shorter lifetimes. 

The nano-LEDs employed for these measurements were of wavelengths between 400 and 

500 nm with pulse lengths of 0.8-1.4 ns. Quantum yields were measured using a 

Hamamatsu Absolute PL Quantum Yield Measurement System. 

X-Ray Crystallography (Structure determination of BD-4) 

Adequate pale-violet monocrystals of BD-4 were obtained by slow evaporation of a 

solution of the compound in CDCl3. X-ray diffraction intensity data were collected with 

a Bruker D8 QUEST (PHOTON 100 CMOS) area-detector diffractometer at 100 K, using 

graphite-monochromatic Mo-K radiation with an Oxford Cryosystem temperature 

controller. The images were collected and processed using Bruker APEX3 and SAINT 

programs,[159] carrying out the absorption correction at this point by semi-empirical 

methods using SADABS.[159] The structures were solved by intrinsic phasing using 

SHELXT,[160] and refined by full-matrix least squares on F2 with SHELXL,[161] using the 

WINGX program suite.[162] All non-hydrogen atoms were assigned anisotropic 

displacement parameters. 
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Theoretical Calculations 

Calculations of all compounds were carried out with the Gaussian 09[163] package 

(Chapter 1) or Gaussian 16[164] (Chapter 3) using Becke’s three-parameter functional 

combined with Lee-Yang-Parr’s correlation functional (B3LYP) in the singlet state (S0) 

and the unrestricted U-B3LYP in the triplet state (T1).[165] The basis set used was the 

LanL2DZ effective core potential for Ir and I atoms and 6-31G(d,p) for the ligand 

atoms.[166] 

In Chapter 1, optimization of 1 on the singlet state (S0) was performed by Cintia 

Ezquerro using a modelized geometry. Dyes in Chapter 3 were also optimized using a 

modelized geometry. The S0 geometries of all molecules were characterized as a true 

minimum since no negative frequencies were found in the vibrational frequency study of 

the final geometry. DFT and TD-DFT calculations were carried out including the solvent 

effect of THF, using the PCM approach.[167] The MO diagrams and the orbital 

contributions were generated with Gaussian 09/16 software and Gauss-Sum[168] program, 

respectively. The emission energies were calculated as the difference of the 

DFT-optimized T1 geometry for both states. The results were visualized with GaussView. 

Physical Gas Adsorption 

All measured materials were centrifuged and air dried before their textural 

characterization. The porous texture of the samples was characterized by nitrogen 

adsorption/desorption measurements at 77 K on an AUTOSORB-6 apparatus. The 

samples were previously degassed at 373 K for 4 h and 5×10−5 bars using an AUTOSORB 

DEGASSER (both apparatus from Quantachrome). The adsorption data obtained were 

analyzed using the software QuadraWinTM (version 6.0) of Quantachrome Instruments. 

The BET surface area was estimated by using multipoint BET method, analyzing the 

adsorption data at the relative pressure (P/P0) range of 0.05-0.30. Cumulative pore 

volumes and pore-size distribution curves were obtained by applying a non-local density 

functional theory (NLDFT) method developed silica with cylindrical pores to the 

adsorption branch of the nitrogen isotherm at 77 K.[169] The total pore volume and the 

mesopore volume were read directly from the adsorption branch of the isotherm at 0.99 

and 0.8, respectively, while the micropore volume was determined by using t-plot method 

and found to be 0. 
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Transmission (TEM) and Field Emission Scanning (FESEM) 

Electron Microscopy 

The morphology of the mesoporous materials was investigated by transmission 

electron microscopy (TEM) and field emission scanning electron microscopy (FESEM). 

Samples were prepared by dipping a sonicated suspension of the sample on ethanol on a 

carbon-coated copper grid. TEM images were performed using a JEM-2010 microscope 

(JEOL, 200 kV, 0.14 nm of resolution), with a detector of Si(Li) (area of 30 mm2 and 

resolution of 142 eV). The digital analysis of the TEM micrographs was performed using 

DigitalMicrographTM 3.6.1. by Gatan. SEM analyses were carried out in a field emission 

scanning electron microscope (FESEM) Merlin VP Compact (Zeiss, 1.6 nm of resolution 

at 1 kV). 

High Resolution Inductively Coupled Plasma Mass 

spectrometry (HR-ICP-MS) 

The metal contents of the materials were determined by high resolution inductively 

coupled plasma mass spectrometry (HR-ICP-MS) using a Thermo Scientific ELEMENT 

XR spectrometer. The samples were dissolved in a mixture of 3,5 mL HCl + 1 mL HNO3 

+ 1 mL HF + 5 mL H3BO3 (5%), digested in a microwave (260ºC, 45 bar) and filtered off 

(0.45 μm) prior to analysis. This treatment allows for the complete dissolution of the 

samples. 

Singlet Oxygen Quantum Yield 

Singlet-oxygen quantum yields (
PC) were recorded using a method described in the 

bibliography,[170] with a homemade-assembled setup comprising a Quantum Northwest 

qpod-2e thermostatic sample holder, a green 10 W LED as a light source, and an Ocean 

Optics USB4000 UV-vis spectrometer for data acquisition. The sample holder is a Peltier 

temperature-controlled system, offering the capability as well to attach a LED for 

simultaneous sample irradiation and UV-vis spectra acquisition. 

 The singlet-oxygen conversion is calculated by monitoring the oxidation of 

1,3-diphenylisobenzofuran (DPBF, yellow) to 1,2-dibenzoylbenzene (colorless) by 

UV-visible spectroscopy (Scheme E.1). 
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Scheme E.1. Oxidation reaction of DPBF 

 

This reaction is very fast in the presence of singlet oxygen. A stock solution of 8x10-5 M 

of DPBF was prepared. From this stock solution, 3 ml were transferred into a quartz 

cuvette, and the absorbance was adjusted to 1.2 at 410 nm. Next, a few drops of a solution 

containing 1-3x10-4 M of the different photosensitizers were added incrementally until an 

absorbance value of 0.2 was reached. Throughout the experiments, the solution was 

stirred at 20°C to ensure sample homogeneity. The mixture was then irradiated using a 

10 W green LED (max=520 nm) for a total of 10 minutes, with absorption spectra 

recorded every 0.5 seconds. The same experimental procedure was repeated for the four 

BODIPY dyes, and Rhodamine was used as the standard. To confirm the photostability 

of DPBF under the same irradiation conditions, a background test was conducted in the 

absence of a photosensitizer (10 minutes). 

The decrease in the absorption band at 410 nm, which corresponds to DPBF, was 

plotted against the irradiation time. The experimental data obtained during the initial 

minutes of irradiation were fitted to a straight line. 

The 
BD were calculated using the equation (1), considering the value of Rhodamine 

as the reference for 1O2 photosensitization in THF (
R =0.016).[158] 

𝜙∆
𝐵𝐷 =

𝐼𝑅

𝐼𝐵𝐷
×
𝑘𝐵𝐷

𝑘𝑅
× 𝜙∆

𝑅 (eq. 1) 

Where I is the absorbance intensity of the photosensitizer, which is calculated as the 

area under the absorption spectrum ranging from 480 nm to 600 nm. This range is selected 

to incorporate the full range of irradiation wavelengths of the LED used in the experiment. 

The slope of the linear fit is denoted as k. Superscripts R and BD stand for Rhodamine 

and BODIPY dyes respectively. 
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Synthesis of starting materials 

 The starting materials were prepared following the reported procedures: 

[Ir(dfppy)2(-Cl)]2
[171]

 

[Ir(dfppy)2(MeCN)2]PF6
[172]

 

N,N’-dipropiltriethoxysilane-2,2’-bipyridine-4,4’-dicarboxamide[173] (dasipy) 

2,6-difluoro-3-(pyridin-2-yl)benzaldehyde[174] (L1) 

(E)-Biphenyl-2-carbaldehyde O-4-(trifluoromethyl)benzoyl oxime[96] 

 

The other reagents were obtained from commercial sources and used without further 
purification. 
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Synthesis of an iridium(III) complex and new 

BODIPY dyes 

Synthesis of [Ir(dfppy)2(dasipy)]PF6 (1) 

Complex 1 has been prepared as 

previously reported.[40a] A solution of 0.2 g 

(0.25 mmol) of [Ir(dfppy)2(MeCN)2]PF6 

in 30 ml of dichloromethane was treated 

with 0.21 g (0.33 mmol) of dasipy. The 

yellow mixture was stirred for 6 h at RT, 

and the resulting solution was evaporated to dryness. The resultant yellow solid 

was treated with diethylether and kept under Ar atmosphere. 

 

Yield: 0.27 g, 0.20 mmol, 81%. 

Elemental analysis (%): Anal Calc. for C52F10H62IrN6O8PSi2: C, 47.59; H, 4.76; 

N, 6.40. Best analyses found: C, 43.06; H, 4.89; N, 6.40 (fits well with 1·2CH2Cl2). 

ESI (+): m/z 1223 [M]+ (100%); 1195 [M-Et + H]+ (23%). 

IR (KBr, cm-1): (N-H) 3280 (m, broad); (C-H aromatic) 3070 (m); (C-H aliphatic) 

2959 (m), 2930 (m), 2875 (m); (C=O) 1670 (s); (C-H aromatic) 1604 (vs), 1558 (vs), 

1479 (s), 1430 (s), 1405 (vs); (C-F) 1261 (s); (Si-O-C) 1163 (s), 1074 (vs), 953 (s); 

(Si-O) 1102 (vs), 991(s); (P-F) 840 (vs); (Ir-N) 555 (vs). 

1H NMR (400 MHz, CDCl3, δ): 8.91 (s, 2H, H5’
bpy); 8.68 (s broad, 2H, NH); 8.34 (d, 

JH‐H = 8.7 Hz, 2H, H2
dfppy); 8.05 (d, JH‐H = 5.5 Hz, 2H, H2’

bpy or H3’
bpy); 7.97 (dd, JH‐H = 

5.3 Hz, JH‐H = 1.4 Hz, 2H, H2’
bpy or H3’

bpy); 7.83 (pst, JH‐H = 6.6 Hz, 2H, H3
dfppy); 7.45 (d, 

JH‐H = 5.5 Hz, 2H, H5
dfppy); 7.08 (pst, JH‐H = 6.2 Hz, 2H, H4

dfppy); 6.60 (pst, JF‐H ≈ 10 Hz, 

2H, H7
dfppy); 5.67 (dd, JF‐H ≈ 8 Hz, JH‐H = 2.3 Hz, 2H, H9

dfppy); 3.82 (c, JH‐H = 7.3 Hz, 12H, 

OCH2CH3); 3.52 (m, 4H, CH2CH2CH2Si); 1.81 (m, 4H, CH2CH2CH2Si); 1.20 (t, JH‐H = 

7.0 Hz, 18H, OCH2CH3); 0.72 (t, JH‐H = 8.4 Hz, 4H, CH2CH2CH2Si). 
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13C{1H} NMR (100.6 MHz, CDCl3, δ): 165.5 (s, C10
dfppy); 164.3 (s, C12

dfppy); 164.1 (d, 

JF-C = 230 Hz, C8
dfppy); 163.5 (s, CO); 161.5 (d, JF-C = 233 Hz, C6

dfppy); 155.8 (s, C4’
bpy or 

C6’
bpy); 150.8 (s, C2’

bpy or C3’
bpy); 148.6 (s, C5

dfppy); 146.5 (s, C4’
bpy or C6’

bpy); 139.6 (s, 

C3
dfppy); 128.1 (s, C2’

bpy or C3’
bpy); 127.5 (s broad, C11

dfppy); 124.0 (m, C2
dfppy or C4

dfppy); 

122.6 (s, C5’
bpy); 114.2 (d, 2JC-F ≈ 18 Hz, C9

dfppy); 99.9 (pst, JC-F ≈ 27 Hz, C7
dfppy); 58.6 (s, 

O-CH2CH3); 43.5 (s, CH2CH2CH2-Si); 22.8 (s, CH2CH2CH2-Si); 18.4 (s, O-CH2CH3); 

7.9 (s, CH2CH2CH2-Si). 

19F {1H} NMR (376.5 MHz, CDCl3, δ): ‐71.40 (d, 1JF‐P = 712 Hz, 6F, PF6); ‐104.73 

(d, JF‐F = 11.3 Hz, 2F, F6); ‐107.91 (d, JF‐F = 11.2 Hz, 2F, F8). 
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Synthesis of 2-fluoro-6-(N,N-dimethylamine)-3-(2-pyridinyl) 

benzaldehyde (L2) 

3.20 g (17 mmol) of 2-(2′,4′-difluorophenyl)pyridine were 

dissolved in 55 ml of dry THF, and the solution was cooled 

to -80 °C. Then, 6.7 ml of a solution of n-butyllithium 2.5 M 

(17 mmol) were added dropwise while maintaining constant 

stirring. After an additional 20 minutes, 5 ml of anhydrous 

N,N-dimethylformamide were added dropwise, and the 

solution was allowed to return to RT for other 20 minutes. Then, 10 ml of distilled water 

were added, and the product was collected by extraction with dichloromethane (100 ml) 

and washed with water (2x50 ml). The organic phase was dried over anhydrous MgSO4 

and the solvent was removed using a rotary evaporator. The residue was purified by silica 

gel column chromatography using ethyl acetate/hexane (2/3, v/v) as the eluent. The 

product was obtained as a yellow solid, together with another fraction of a white solid 

corresponding to 2,6-difluoro-3-(pyridin-2-yl)benzaldehyde L1, which was obtained as a 

pure compound. 

 

Yield: L2=2.0 g, 8.19 mmol, 49%; L1=2.0 g, 9.12 mmol, 49%. 

Elemental analysis: Anal. Calc. for C14H13FN2O: C, 68.84; H, 5.36; N, 11.47. Best 

analyses found: C, 70.69; H, 5.53; N, 11.21. 

ESI (+): m/z 245 [L2+H]+ (100%). 

1H NMR (300 MHz, CDCl3, δ): 10.35 (s, 1H, -COH), 8.70 (ddd, JH-H = 4.9, 1.7, 1.1 

Hz, 1H, H2), 8.12 (t, JH-H = 9.0 Hz, 1H, H10), 7.84 – 7.69 (m, 2H, H5, H4), 7.23 (ddd, JH-H 

= 6.8, 4.8, 2.0 Hz, 1H, H3), 6.89 (d, JH-H = 9.0 Hz, 1H, H9), 3.02 (s, 6H). 

13C{1H} NMR (75 MHz, CDCl3, δ): 186.3 (d, 3JC-F = 12.1 Hz, -COH), 163.6 (d, 1JC-F 

= 262.4 Hz, C6), 155.0 (d, 3JC-F = 4.4 Hz, C12), 152.7 (d, 3JC-F = 1.9 Hz, C8), 149.6 (s, C2), 

136.4 (s, C4), 136.1 (d, 3JC-F = 7.2 Hz, C10), 124.1 (d, JC-F = 10.2 Hz, C5), 121.8 (s, C3), 

117.2 (d, 2JC-F = 12.2 Hz, C11), 113.4 (d, 2JC-F = 8.2 Hz, C7), 112.7 (d, 4JC-F = 3.2 Hz, C9), 

44.6 (s, -N(CH3)2). 

19F {1H} NMR (282 MHz, CDCl3, δ): -122.63 (s, 1F, F6).  
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Synthesis of 1,3,5,7-tetramethyl-8-(2,6-difluoro-3-(pyridin-2-

yl)phenyl)-4,4-difluoroboradiazaindacene (BD-1) 

0.66 ml (6.36 mmol) of 2,4-dimethylpyrrole were 

dissolved in 20 ml of dichloromethane under an Ar 

atmosphere and in darkness. To this solution, 0.70 g 

(3.18 mmol) of L1 were added. The mixture was stirred 

overnight at RT. Then, 0.9 g of p-chloranil were dissolved in 

dichloromethane and added to the reaction mixture. After 

1 hour, 3.2 ml of NEt3 were slowly added dropwise, followed 

by the gradual addition of 6 ml of BF3·OEt2 (47.8 mmol, 

excess). The mixture was stirred for an additional 12 hours and then neutralized with a 

saturated NaHCO3 solution until pH=7-8. The organic layer was collected, and the 

aqueous layer was further washed with CH2Cl2 until the red color disappeared. The 

organic layer was dried over anhydrous MgSO4. The crude was purified by silica gel 

column chromatography using CH2Cl2/hexane (8/2, v/v). After the first impurity eluted, 

the gradient was adjusted by gradually increasing the proportion of CH2Cl2. The product 

was further purified using a filtration setup with a 2 cm silica layer and washed with 

CH2Cl2. After solvent evaporation, a red solid exhibiting green iridescence was obtained. 

 

Yield: 0.37 g, 0.84 mmol, 26%. 

Elemental analysis: Anal. Calc. for C24H20F4BN3: C, 65.93; H, 4.61; N, 9.61. Best 

analyses found: C, 64.58; H, 5.36; N, 7.94 (Elemental analyses fit well for BD-1 + 

0.5 hexane. C27H27BClF4N3: C, 67.51; H, 5.67; N, 8.75). 

ESI (+): m/z 438 [BD-1+H]+ (100%). 

IR (cm-1): ν(C-H aromatic) 3095 (vw); ν(C-H aliphatic) 2961 (vw), 2924 (vw), 2855 

(vw); 1625 (vw); 1597 (vw); ν(B-F) 1547 (s); 1508 (s); 1465 (s); 1436 (s); 1408 (m); 

ν(C-F aromatic) 1307 (s); 1277 (m); 1256 (s); 1243 (w); 1188 (s); 1154 (vs); 1078 (s); 

1040 (s); 1013 (vs); ν(N-B) 970 (vs); 812 (s); 789 (vs); 746 (s); 723 (s); 626 (s); 567 (s); 

475 (vs). 
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1H NMR (400 MHz, CDCl3, δ): 8.74 (d, JH-H = 4.5 Hz, 1H, H2), 8.24 (ptd, JF-H = 8.7, 

JH-H =6.5 Hz, 1H, H10), 7.82 – 7.72 (m, 2H, H4 and H5), 7.29 (q, JH-H = 4.5 Hz, 1H, H3), 

7.20 (pt, JF-H = 8.1 Hz, 1H, H9), 6.02 (s, 2H, H2’ and H6’), 2.57 (s, 6H, -CH3
12’ and -

CH3
13’), 1.63 (s, 6H, -CH3

11’ and -CH3
14’). 

13C{1H} NMR (100.6 MHz, CDCl3, δ): 159.8 (dd, 1JC-F = 252.2 Hz, 3JC-F = 5.9 Hz, 

C8), 157.4 (dd, 1JC-F = 253.0 Hz, 3JC-F = 6.0 Hz, C6), 156.7 (s, C3’ and C5’), 151.8 (d, 3JC-F 

= 2.9 Hz, C12), 150.2 (s, C2), 142.2 (s, C1’ and C7’), 136.9 (s, C4), 133.2 (dd, J = 9.5, 4.6 

Hz, C10), 131.5 (s, C9’ and C10’), 127.4 (s, C8’), 124.7 (dd, 2JC-F = 12.3 Hz, 4JC-F = 3.9 Hz, 

C11), 124.4 (d, J = 10.3 Hz, C5), 123.1 (s, C3), 121.8 (s, C2’ and C6’), 112.8 (dd, 2JC-F = 

21.4 Hz, 4JC-F= 3.8 Hz, C9), 112.5 (pt, 2JC-F = 21.5 Hz, C7), 14.9 (s, C12’ and C13’), 13.8 (s, 

C11’ and C14’). 

19F{1H} NMR (376.5 MHz, CDCl3, δ): -110.62 (d, JF-F = 6.4 Hz, 1F, F6), -114.63 (d, 

JF-F = 6.2 Hz, 1F, F8), -146.22 (q, 1JF-B = 32.6 Hz, 2F, -BF2). 
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Synthesis of 1,3,5,7-tetramethyl-8-(2-fluoro-6-(N,N-

dimethylamine)-3-(pyridin-2-yl)phenyl)-4,4-

difluoroboradiazaindacene (BD-2) 

The synthesis is similar to BD-1. 0.85 ml (8.20 mmol) of 

2,4-dimethylpyrrole was dissolved in 20 ml of dry 

dichloromethane under an Ar atmosphere and in darkness. 

Subsequently, 1.00 g (4.10 mmol) of L2 were added to the 

solution. The reaction was stirred overnight at RT, and 0.5 g 

of p-chloranil previously dissolved in dichloromethane were 

added to the medium. After 1 hour, 2.30 ml of NEt3 were 

added dropwise, followed by 4.20 ml of BF3·OEt2 

(33.4 mmol, excess) after an additional 15 minutes. The 

reaction mixture was stirred for over an hour, and additional 2.30 ml of NEt3 and 4.20 ml 

of BF3·OEt2 were added following the same procedure. After 3 hours of agitation at RT, 

the color of the solution changed to black. The mixture was then neutralized with 30 ml 

of a saturated NaHCO3 solution. The organic layer was collected, and the aqueous layer 

was washed with CH2Cl2 fractions. The organic layer was dried over anhydrous MgSO4, 

and the crude was purified through silica gel column chromatography using 

CH2Cl2/MeOH (9.9/0.1, v/v), yielding a bright red solid with red luminescence. 

 

Yield: 405.2 mg, 0.88 mmol, 21%. 

Elemental analysis: Anal. Calc. for C26H26F3BN4: C, 67.55; H, 5.67; N, 12.12. Best 

analyses found: C, 64.47; H, 5.41; N, 10.62 (Elemental analyses fit well for 

BD-2+0.5 CH2Cl2. C26.5H27F3ClBN4: C, 63.05; H, 5.39; N, 11.10). 

MALDI (-): m/z 463 [BD-2+H]+ (100%). 

IR (cm-1): ν(C-H aromatic) 3092 (vw); ν(C-H aliphatic) 2959 (vw), 2924 (vw), 2868 

(vw), 2850 (vw), 2800 (vw); 1622 (w); 1586 (w); 1567 (w);  ν(B-F) 1539 (s); 1505 (s); 

1468 (s); 1431 (s); 1408 (s); 1367 (m); 1346 (m); ν(C-F) 1300 (s); 1183 (s); 1153 (vs); 

1054 (s); 1017 (s); ν(N-B) 970 (vs); 885 (m); 811 (vs); 791 (vs); 752 (m); 720 (s); 664 

(m); 630 (s); 579 (m); 549 (s); 475 (vs). 
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1H NMR (400 MHz, CDCl3, δ): 8.68 (d, JH-H = 4.9 Hz, 1H, H2), 8.09 (t, JH-H = 9.0 Hz, 

1H, H10), 7.72 (d, JH-H = 7.6 Hz, 1H, H5), 7.67 (pt, JH-H = 7.4 Hz, 1H, H4), 7.19 (pdt, JH-H 

= 6.9, 4.9 Hz, 1H, H3), 6.86 (d, JH-H = 8.9 Hz, 1H, H9), 6.00 (s, 2H, H2’ and H6’), 2.85 (s, 

6H, -N(CH3)2), 2.56 (s, 6H, -CH3
12’ and -CH3

13’), 1.67 (s, 6H, -CH3
11’ and -CH3

14’).  

13C{1H} NMR (100.6 MHz, CDCl3, δ): 157.8 (d, 1JC-F = 246.9 Hz, C6), 155.6 (s, C3’ 

and C5’), 153.0 (d, 3JC-F = 3.1 Hz, C12), 152.3 (d, 3JC-F = 4.8 Hz, C8), 149.7 (s, C2), 142.4 

(s, C1’ and C7’), 136.6 (s, C4), 134.75 (d, 3JC-F = 3.8 Hz, C8’), 132.1 (d, 3JC-F = 5.7 Hz, C10), 

132.0 (s, C9’ and C10’), 124.1 (d, JC-F = 11.3 Hz, C5), 122.0 (s, C3), 121.4 (s, C2’ and C6’), 

119.0 (d, 2JC-F = 13.0 Hz, C11), 113.6 (d, 4JC-F = 2.7 Hz, C9), 112.6 (d, 2JC-F = 20.1 Hz, C7), 

43.0 (s, -N(CH3)2), 14.8 (s, C12’ and C13’), 14.2 (s, C11’ and C14’).  

19F{1H} NMR (376.5 MHz, CDCl3, δ): -115.04 (s, 1F, F6), -145.80 (dq, 2JF-F = 109.4, 
1JF-B = 32.9 Hz, 1F, -BF2), -147.25 (dq, 2JF-F = 109.6, 1JF-B = 32.9 Hz, 1F, -BF2). 
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Synthesis of 2,6-diiodo-1,3,5,7-tetramethyl-8-(2,6-difluoro-3-

(pyridin-2-yl)phenyl)-4,4-difluoroboradiazaindacene (BD-3) 

0.08 g (0.18 mmol) of BD-1 were dissolved in 25 ml of 

dry dichloromethane, and 0.17 g of N-iodosuccinimide 

(0.73 mmol) were added. The colour of the solution 

changed from red to dark violet. The reaction was stirred at 

RT and followed by TLC. After 30 minutes, a small excess 

of N-iodosuccinimide (∼15 mg, 0.07 mmol) was added, 

and the reaction was stirred for other 2 hours. After 

removing the solvent, the compound was purified by silica 

gel chromatography column using CH2Cl2/hexane (9/1 v/v), obtaining a dark violet solid. 

 

Yield: 95.7 mg, 0.14 mmol, 76%. 

Elemental analysis: Anal. Calc. for C24H18BF4I2N3: C, 41.84; H, 2.63; N, 6.10. Best 

analyses found: C, 38.38; H, 3.01; N, 4.66 (Elemental analyses fit well for 

BD-3+ CH2Cl2. C25H20BCl2F4I2N3: C, 38.80; H, 2.60; N, 5.43). 

MALDI (+): m/z 689 [BD-3] (100%). 

IR (cm-1): ν(C-H aromatic) 3072 (vw); ν(C-H aliphatic) 2958 (vw), 2922 (vw), 2852 

(vw); 1622 (w); 1593 (w); ν(B-F) 1537 (s); 1484 (m); 1466 (m); 1438 (s); 1399 (m); 1341 

(s); ν(C-F) 1311 (s); 1263 (w); 1243 (w); 1178 (vs); 1120 (s); 1098 (s); 1083 (s); 1059 

(m); 1045 (m); ν(N-B) 994 (vs); 914 (s); 865 (m); 795 (s); 753 (m); 724 (s); 630 (m); 588 

(s); 566 (s); ν(C-I) 527 (vs); 486 (m); 462 (m). 

1H NMR (400 MHz, CDCl3, δ): 8.75 (d, JH-H = 4.8 Hz, 1H, H2), 8.30 (ptd, JF-H = 8.8, 

JH-H =6.7 Hz, 1H, H10), 7.83 – 7.72 (m, 2H, H4 and H5), 7.33 (pt, JH-H = 6.1 Hz, 1H, H3), 

7.23 (pt, JF-H = 8.6 Hz, 1H, H9), 2.67 (s, 6H, -CH3
11’ and -CH3

14’), 1.65 (s, 6H, -CH3
12’ 

and -CH3
13’). 

13C{1H} NMR (100.6 MHz, CDCl3, δ): 159.6 (dd, 1JC-F = 257.8 Hz, 3JC-F = 5.0 Hz, 

C8), 157.1 (dd, 1JC-F = 255.0 Hz, 3JC-F = 6.4 Hz, C6), 158.1 (s, C3’ and C5’), 151.3 (s, C12), 

150.1 (s, C2), 144.5 (s, C1’ and C7’), 137.2 (s, C4), 133.9 (dd, J = 10.0, 4.7 Hz, C10), 131.3 

(s, C9’ and C10’), 127.3 (s, C8’), 124.8 (dd, 2JC-F = 11.7 Hz, 4JC-F = 4.7 Hz, C11), 124.5 (d, 
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J = 10.1 Hz, C5), 123.3 (s, C3), 113.1 (dd, 2JC-F = 25.7 Hz, 4JC-F= 3.6 Hz, C9), 112.6 (pt, 
2JC-F = 21.5 Hz, C7), 86.5 (s, C2’ and C6’), 16.3 (s, C11’, C12’,  C13’ and C14’). 

19F{1H} NMR (376.5 MHz, CDCl3, δ): -110.29 (d, JF-F = 5.7 Hz, 1F, F6), -114.36 (d, 

JF-F = 5.6 Hz, 1F, F8), -145.59 (q, 1JF-B = 32.0 Hz, 2F, -BF2).  
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Synthesis of 2,6-diiodo-1,3,5,7-tetramethyl-8-(2-fluoro-6-

(N,N-dimethylamine)-3-(pyridin-2-yl)phenyl)-4,4-

difluoroboradiazaindacene (BD-4) 

0.10 g (0.221 mmol) of BD-2 were dissolved in 25 ml 

of dry dichloromethane, and 0.20 mg (0.89 mmol) of 

N-iodosuccinimide were added. After 30 minutes of 

agitation at RT, the colour of the solution changed from 

orange to dark violet. The reaction was followed by proton 

NMR, and after two hours the solvent was removed, and 

the product was purified by a silica gel chromatographic 

column using CH2Cl2/MeOH (9/1, v/v). A dark purple 

solid was obtained after the removal of the solvent. 

 

Yield: 65.6 mg, 0.09 mmol, 42%. 

Elemental analysis: Anal. Calc. for C26H24BF3I2N4: C, 43.73; H, 3.39; N, 7.85. Best 

analyses found: C, 43.60; H, 3.55; N, 7.25. 

MALDI (-): m/z 714 [BD-4] (100%). 

IR (cm-1): ν(C-H aromatic) 3090 (vw), 3054 (vw); ν(C-H aliphatic) 2951 (vw), 2915 

(vw), 2860 (vw), 2837 (vw), 2792 (vw); 1615 (w); 1586 (w); 1571 (w); ν(B-F) 1525 (s); 

1471 (m); 1429 (m); 1396 (m); 1369 (m); 1343 (s); ν(C-F) 1303 (s); 1214 (w); 1170 (vs); 

1116 (s); 1080 (s); ν(N-B) 986 (vs); 912 (m); 818 (m); 791 (s); 773 (m); 758 (m); 742 

(m); 724 (s); 700 (m); 665 (w); 636 (m); 622 (m); 588 (s); 569 (m); 545 (w); ν(C-I) 523 

(vs); 487 (s). 

1H NMR (400 MHz, CDCl3, δ): 8.69 (d, JH-H = 4.8 Hz, 1H, H2), 8.18 (t, JH-H = 9.0 Hz, 

1H, H10), 7.72-7.64 (m, 2H, H4 and H5), 7.21 (pdt, JH-H = 4.9, 3.4 Hz, 1H, H3), 6.90 (d, 

JH-H = 8.9 Hz, 1H, H9), 2.84 (s, 6H, -N(CH3)2), 2.66 (s, 6H, -CH3
12’ and -CH3

13’), 1.70 (s, 

6H, -CH3
11’ and -CH3

14’). 

13C{1H} NMR (100.6 MHz, CDCl3, δ): 157.5 (d, 1JC-F = 247.3 Hz, C6), 156.8 (s, C3’ 

and C5’), 152.6 (d, 3JC-F = 2.9 Hz, C12), 152.1 (d, 3JC-F = 4.5 Hz, C8), 149.7 (s, C2), 144.4 

(s, C1’ and C7’), 136.5 (s, C4), 134.7 (d, 3JC-F = 3.6 Hz, C8’), 132.6 (d, 3JC-F = 5.6 Hz, C10), 
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131.7 (s, C9’ and C10’), 123.9 (d, JC-F = 11.1 Hz, C5), 122.0 (s, C3), 119.2 (d, 2JC-F = 13.2 

Hz, C11), 113.8 (d, 4JC-F = 2.8 Hz, C9), 112.4 (d, 2JC-F = 19.7 Hz, C7), 85.9 (s, C2’ and C6’), 

43.0 (s, -N(CH3)2), 16.6 (s, C12’ and C13’), 16.2 (s, C11’ and C14’).  

19F{1H} NMR (376.5 MHz, CDCl3, δ): -114.83 (s, F6), -145.33 (dq, 2JF-F = 105.3, 1JF-B 

= 32.7 Hz, 1F, -BF2), -146.38 (dq, 2JF-F = 105.3, 1JF-B = 31.0 Hz, 1F, -BF2).  
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Synthesis of hybrid silica-based materials 

The synthesis of the in-situ hybrid materials involved the co-condensation of the 

iridium complex 1 with the silica precursor (TEOS). The chosen nominal metal 

concentrations were 1 wt% for SiO2_N, SiO2_B and SiO2_OD and 0.2 wt% for NP_IS. 

SiO2_N 

A solution containing 53 mg of 1 (0.04 mmol) in 3 mL of THF were added to 2 mL of 

TEOS. The resulting mixture was stirred for an hour at room temperature, and then 30 mL 

of distilled water were incorporated. After an additional hour of stirring, 1.4 mL of a 

solution of NaF in H2O (0.05 M) were added, and the mixture was left for 24 hours at 

room temperature under agitation. The resulting yellow precipitate was filtrated and 

washed with water, ethanol and acetone. Once dried, the solid was grinded to yield a 

yellow powder. 

 

Yield: 0.51 g, 88%. 

Molar ratio of the synthesis gel: 1.0 TEOS : 182 H2O : 4 THF : 7.7·10-3 F-. 

Nominal metal concentration: 1 wt%. 

IR (KBr, cm-1): ν(O-H) 3460 (s broad), 1640 (m); ν(N-H) 3280 (m, broad); ν(C-H) 

2930 (w); ν(Si-O-Si) 1220, 1090 (s broad), 800 (m), 460 (s); ν(Si-O) 950 (m). 
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SiO2_B 

53 mg of 1 (0.04 mmol) were dissolved in 2 mL of absolute ethanol, and 2 mL of TEOS 

were added to the solution. After 1 hour of stirring, a solution containing 93 µL of NaF 

0.05 M and 25 µL of NH3 25% in 5.1 mL water:ethanol (2.4:1) was added dropwise, and 

the mixture was left to stir for 24 hours. 25 mL of ethanol were then added, and after a 

few minutes, the mixture was filtrated to obtain a yellow solid that was washed with 

ethanol, water and acetone. The dry solid was grinded to yield a yellow powder. 

 

Yield: 0.52 g, 89%. 

Molar ratio in the synthesis gel: 1.0 TEOS : 24 H2O : 5.6 EtOH : 5.1 x 10-5 F-: 0.03 

NH4OH. 

Nominal metal concentration: 1 wt%. 

IR (KBr, cm-1): ν(O-H) 3435 (s broad), 1635 (m); ν(N-H) 3270 (m, broad); ν(C-H) 

2962 (w), 2923 (w), 2850 (w); ν(ring) 1560 (w), 1480 (w), 1430 (w), 1408 (w), 1385 (w); 

ν(Si-O-Si) 1220, 1090 (s broad), 800 (m), 465 (s); ν(Si-O) 960 (m). 
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SiO2_OD 

A solution of 53 mg of 1 (0.04 mmol) in 4 mL of ethanol were added dropwise at a 

regular rate for 20 minutes, to another solution containing 1.00 g of CTAB 

(hexadecyltrimethylammonium bromide) and 156 µL of TEA (triethanolamine) dissolved 

in 65 mL of distilled water. After two hours of agitation at room temperature, 2 mL of 

TEOS were added dropwise over 20 minutes, and the solution was then stirred for an 

additional two hours at RT. Afterward, 2 mL of NH3 25% were added dropwise, and the 

reaction mixture was allowed to stir for 24 hours. The resulting yellow suspension was 

centrifugated at 15000 rpm for 20 minutes and washed with distilled water and ethanol. 

Finally, the surfactant was removed by ionic exchange with a saturated NH4NO3 solution. 

 

Yield: 0.46 g, 79%. 

Molar ratio of the synthesis gel: 1.0 TEOS : 408 H2O : 7.5 EtOH : 0.3 CTAB : 0.13 

TEA : 2.3 NH4OH. 

Nominal metal concentration: 1 wt%. 

IR (KBr, cm-1): ν(O-H) 3450 (s broad), 1640 (m); ν(N-H) 3280 (m, broad); ν(C-H) 

2930 (w), 2860 (w); ν(ring) 1550 (w), 1460 (w), 1385 (m); ν(Si-O-Si) 1228, 1085 (s 

broad), 800 (m), 460 (s); ν(Si-O) 960 (m). 
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NP_IS 

0.20 g of CTAB were added to a mixture of 13.1 mL of distilled water and 31.4 µL of 

TEA. The resulting suspension was heated to 80°C and stirred for 1 hour. Simultaneously, 

a solution containing complex 1 (7.6 mg, 0.006 mmol) in 3 mL of absolute ethanol and 

2 mL (9.12 mmol) of TEOS was stirred at room temperature. This last solution was added 

to the first one at 80°C. After allowing the mixture to react for 10 minutes, 0.21 mL of 

diethoxydimethylsilane (DMDES, 1.22 mmol) were added and the mixture was stirred 

for another 2 hours at 80°C. The suspension was cooled to room temperature, the particles 

were separated through centrifugation (20 min at 20000 rpm) and subsequently washed 

with distilled water and ethanol. Finally, the surfactant was removed by ionic exchange 

with a saturated NH4NO3 solution, obtaining the material as a pale-yellow powder. 

 

Yield: 0.36 g, 82%. 

Molar ratio of the synthesis gel: 1.0 TEOS : 80 H2O : 5.6 EtOH : 0.06 CTAB : 0.03 

TEA : 0.14 DMDES. 

Nominal metal concentration: 0.2 wt%. 

IR (KBr, cm-1): ν(O-H) 3440 (s broad), 1640 (m); ν(N-H) 3275 (m, broad); ν(C-H) 

2970 (m), 2928 (w), 2852 (w); ν(ring) 1452 (w), 1405 (w); ν(Si-CH3) 1265 (m), 850 (m); 

ν(Si-O-Si) 1220, 1080 (s broad), 800 (m), 460 (s); ν(Si-O) 950 (m). 
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Synthesis of grafted mesoporous organometallo-silica 

nanoparticles (NP_G) 

Complex-free mesoporous silica nanoparticles (MSN) were prepared by dissolving 

0.20 g of CTAB and 31.4 µL of TEA in 13.1 ml of distilled water. Then, 2 mL of TEOS 

were added, and the mixture was allowed to stir at room temperature for 24 hours. The 

resultant white suspension was centrifuged for 15 minutes at 18000 rpm and washed with 

distilled water and ethanol. The surfactant was removed by ionic exchange with a 

saturated NH4NO3 solution. 

 

Yield: 0.41 g, 76%. 

Molar ratio of the synthesis gel: 1.0 TEOS : 80 H2O : 0.06 CTAB : 0.03 TEA. 

 

NP_G were obtained by dropwise addition of a solution of 17.5 mg (0.013 mmol) of 

complex 1 in 3 mL of ethanol to a suspension of 0.25 g (6.67 mmol) of the complex-free 

silica nanoparticles in 30 mL of ethanol. The resulting mixture was stirred for 2 hours, 

and 0.7 mL of an aqueous solution 0.05 M of NaF were added. The reaction was kept 

under magnetic stirring for 24 hours at room temperature. The obtained yellow solid was 

separated by centrifugation and washed with ethanol. 

 

Yield: 0.26 g, 99%. 

IR (KBr, cm-1): ν(O-H) 3435 (s broad), 1640 (m); ν(N-H) 3280 (m, broad); ν(C-H) 

2960 (w), 2925 (w), 2855 (w); ν(ring) 1550 (w), 1480 (w); ν(Si-O-Si) 1220, 1090 (s 

broad), 800 (m), 470 (s); ν(Si-O) 960 (m). 
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Synthesis of self-condensed material (SC-1) 

0.15 g of complex 1 were dissolved in 5 ml of absolute ethanol and added to 13.1 ml 

of distilled water. After stirring for 1 hour at RT, 0.7 ml of an aqueous solution of NaF 

(0.05 M) were added, the reaction mixture was heated to 80°C and allowed to react for 

96 hours. After that time, the reaction was cooled to RT, the material was separated by 

centrifugation at 18000 rpm for 15 minutes, and washed with distilled water and ethanol. 

The obtained yellow solid was air dried. 

 

Yield: 94.4 mg, 74%. 

Elemental analysis: Anal. Calc. for C44F10H42IrN6O6PSi2: C, 43.27; H, 3.47; N, 6.89. 

Best analyses found: C, 41.06; H, 3.30; N, 6.70. 

MALDI (+): m/z 1073 [1 – 2Et – 2(-OEt)-2H]+ (11%); 823 [1 – {(CH2)3Si(OEt)3} – 

{NH2(CH2)3Si(OEt)3} +3H]+ (100%); 573 [1 – (dasipy)]+ (51%). 

IR (cm-1): (N-H) 3330 (broad); (C-H aromatic) 3086 (w); (C-H aliphatic) 2939 (w), 

2878 (w); (C=O) 1661 (m); (C-H aromatic) 1604 (vs), 1575 (s), 1557 (s), 1479 (s), 

1431 (s), 1406 (s); (C-F) 1296 (s); (Si-O-C) 1165 (m), 1071 (m); (Si-O) 1105 (s), 

989(s); (P-F) 842 (vs); (Ir-N) 557 (s). 
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Photocatalytic methods 

Photo-isomerization of trans-stilbene 

 
Scheme E.2. Photo-isomerization of trans-stilbene. 

 

The photocatalytic reactions were carried out by mixing the trans-stilbene with the 

corresponding amount of either complex 1 or the different hybrid materials, and irradiated 

with blue light emitted by an RGB LED of 50 W. The chosen molar ratio of 

trans-stilbene:photocatalyst was kept at 1:0.05 for all materials, except for NP_IS¸ where 

the nominal percentage of iridium was 0.2 wt% instead of 1 wt%. For this photocatalyst 

in particular, a molar ratio of 1:0.02 was chosen. 

The samples were prepared as follows for each photocatalyst: 

1: In an NMR tube, 10 mg (0.055 mmol) of trans-stilbene were combined with the 

corresponding amount of the iridium complex (3.8 mg or 0.003 mmol for a 1:0.05 molar 

ratio; and 1.5 mg or 0.001 mmol for a 1:0.02 molar ratio), and 0.6 mL of CDCl3 were 

added. The NMR tubes were kept in constant agitation during the irradiation period. The 

reaction was monitored using 1H-NMR spectra. 

SiO2_N, SiO2_B, SiO2_OD, NP_G: The same procedure was followed; for 5 mg 

(0.028 mmol) of trans-Stilbene, 26.6 mg of each material were added to separate NMR 

tubes (1:0.05 molar ratio). 

NP_IS: For 26.6 mg of material, 2.5 mg (0.014 mmol) of trans-Stilbene were added 

(1:0.02 molar ratio). 

Before irradiation, and under dark conditions, all the tubes containing trans-stilbene 

and the corresponding catalyst underwent 30 minutes of sonication, followed by 30 

minutes of additional agitation. Each reaction was then carried out under blue light until 

the maximum conversion was achieved (Figure E.1). For the purpose of recyclability 
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studies, the materials were recovered by centrifugation at 13000 rpm for 10 minutes, 

treated with 2 mL of dry dichloromethane and subjected to 10 minutes of sonication. After 

a further centrifugation cycle, the materials were vacuum dried, and used in the successive 

reaction. 

 

Figure E.1. Set-up of the photocatalytic reaction. 

 

Throughout each reaction, the isomerization rate was measured by 1H NMR 

spectroscopy, following the changes in the intensity of the alkene proton signals observed 

at 7.15 ppm for the trans-stilbene and 6.60 ppm for the cis-stilbene. 
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Photocatalytic dehalogenation of 2-bromoacetophenone 

 
Scheme E.3. Photocatalytic dehalogenation reaction. 

 

In NMR tube: 2-bromoacetophenone (15 mg, 0.075 mmol, 1 equiv.), triethanolamine 

(30 l, 0.23 mmol, 3 equiv.) and the corresponding amount of photocatalyst (1: 1.00 mg, 

0.75 mol; SC-1: 0.92 mg, 0.75 mol; 0.01 equiv.) were dissolved in 0.8 ml of deuterated 

acetonitrile. Under dark, the tubes were degassed by nitrogen bubbling for 5 minutes, and 

for the heterogeneous reactions the tubes were sonicated for 1 minute. The reaction was 

then irradiated with a 50 W Blue LED (max = 450 nm) for 5-90 minutes under agitation. 

The reaction was followed by 1H-NMR, adding 1,3,5-trimethoxybenzene as internal 

standard (~0.06 mmol) to determine the yield of the reaction. 

In a round bottom flask (for recyclability studies): 2-bromoacetophenone (650 mg, 

3.3 mmol, 1 equiv.), SC-1 (40 mg, 0.033 mmol, 0.01 equiv.) and 15 ml of acetonitrile 

previously degassed (20 minutes of nitrogen bubbling) were added under nitrogen to a 

50 ml round bottom flask. After sonicating the mixture for one minute, triethanolamine 

(1.3 ml, 9.8 mmol, 3 equiv.) was also incorporated, and the flask was irradiated under 

agitation using a 50 W Blue LED (max=450 nm) for 90 minutes. After that time, the 

reaction was centrifuged at 20000 rpm for 15 minutes, and the recovered material was 

washed (10 minutes of sonication, centrifugation at 20000 rpm for 15 min) with distilled 

water. The material was then also centrifuged and washed with absolute ethanol. After a 

new centrifugation step, the solid was treated with dichloromethane to resuspend it and 

transferred back to the reaction flask. The material was subsequently dried and subjected 

to vacuum at 100°C to remove any remaining traces of water. The following reactions 

were set up using the same procedure. Yields were determined by 1H-NMR analysis, with 

the addition of 1,3,5-trimethoxybenzene as an internal standard. 
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Photocatalytic synthesis of phenanthridine 

 
Scheme E.4. Photocatalytic phenanthridine formation from acyloxime. 

 

Homogeneous conditions: (E)-Biphenyl-2-carbaldehyde O-4-(trifluoromethyl)benzoyl 

oxime (36.6 mg, 0.10 mmol, 1 equiv.), 3 ml of dry and degassed DMF and the 

corresponding amount of photocatalyst were introduced into a round bottom flask under 

nitrogen. The reaction mixture was then irradiated under stirring, using an RGB LED of 

100 W operating only in the blue region (~33 W). After 24-90 hours, the solvent was 

evaporated, and the conversion was determined by 1H-NMR. 

Heterogeneous conditions and recovery study: SC-1 (10 mg, 8.1 mol, 0.075 equiv.) 

was transferred to a round bottom flask and subjected to vacuum at 100°C for 1 hour, 

without any stirring. Upon cooling to room temperature, (E)-Biphenyl-2-carbaldehyde 

O-4-(trifluoromethyl)benzoyl oxime (40 mg, 0.11 mmol, 1 equiv.) and 3 ml of dry and 

degassed DMF were added in a dry-box. The reaction was irradiated with blue light at 

RT while stirring, using an RGB LED of 100 W. After 90 hours, the solid was recuperated 

through centrifugation at 12500 rpm for 10 minutes. The supernatant was dried, and the 

conversion was determined using 1H-NMR. The collected material was washed (10 

minutes of sonication, centrifugation at 12500 rpm for 10 min) with acidic absolute 

ethanol (pH=2) and absolute ethanol, and was then transferred back to the reaction flask 

to start a new catalytic cycle. The material was dried for 1 hour at 100°C under vacuum, 

and the subsequent cycles were set as described. After the second catalytic cycle, the flask 

was sonicated under dark for 45 minutes prior to irradiation. 

  



 

186 
 

Experimental Part 

Photocatalytic oxidation of dibenzylamine 

 

Scheme E.5. Photocatalytic oxidation of dibenzylamine. 

 

In a typical synthesis, 0.070 mmol of dibenzylamine (14.0 mg, 13.6 l) and the 

corresponding amount of photocatalyst (BD-1 to BD-4, 1.42 mol, 2 mol%) were 

dissolved in 0.8 ml of deuterated solvent (THF-d8, toluene-d8). A gentle bubbling with 

oxygen was initiated, and the reaction was irradiated using the green light of a 50 W RGB 

LED (max=520 nm, ~17 W). The progress of the reaction was monitored by 1H-NMR, 

with experiments conducted every 15 minutes of irradiation. When necessary, additional 

deuterated solvent was added during the reaction. The experimental setup for the reaction 

is depicted in Figure E.2. 

 

Figure E.2. Set-up of the photocatalytic oxidation reaction. 
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Table A.1. Selected distances (Å) and angles (º) for BD-4. 

BD-4 
B1-F1 1.392(3) B1-N1 1.546(3) 
B1-F2 1.388(2) B1-N2 1.553(3) 
I1-C2 2.071(2) C5-C15 1.493(3) 
I2-C9 2.068(2)   
    
F1-B1-F2 109.55(16) N1-B1-N2 106.44(15) 
F1-B1-N1 110.40(17) F2-B1-N2 110.39(17) 
C16-N4-C26 119.37(17) C26-N4-C27 111.51(17) 
C16-N4-C27 117.59(17) C4-C5-C6 120.97(17) 

 

Table A.2. X-ray Crystallographic Data for BD-4. 

Empirical formula C26H24BF3I2N4 
Fw 714.10 
T (K) 100(1) 
Wavelength  0.71073 Å 
Crystal system Triclinic 
Space group P -1 
a(Å) 8.718(2) 
b(Å)  10.088(2) 
c(Å) 14.919(4) 
(deg) 101.77(1) 
(deg) 92.78 (2) 
(deg) 95.42(1) 
Volume (A3) 1275.6(6) 
Z 2 
Crystal size 0.494 x 0.244 x 0.140 mm3 

Dcalcd (Mg/m3) 1.859 
Absorption coefficient (mm-1) 2.511 
F(000) 692 
 range for data collection (deg) 2.245 to 29.127 
No of data // restraints // parameters 6847 // 0 // 325 
Goodness-of-fit on F2(a) 1.068 
Final R indexes [I2(I)](a) R1 = 0.0209 

 wR2 = 0561 
R indexes (all data)(a) R1 = 0.0249 

 wR2 = 0.0578 
Largest diff peak and hole (e·Å –3) 0.782 and -0.816 

(a) R1 = (Fo - Fc)/Fo; wR2 = [w(Fo
2 – Fc

2)2/wFo
2]1/2; goodness of fit 

= {[w(Fo
2 – Fc

2)2]/(Nobs – Nparam)}1/2; w = [2(Fo) + (g1P)2 + g2P]-1; P = [max(Fo
2;0 

+ 2Fc
2]/3. 
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BD-1 

S0 T1 

  

BD-2 

S0 T1 

  
BD-2-H+ 

S0 T1 

  
Figure A.1. Optimized structures of S0 and T1 states of BD-1, BD-2 and BD-2H+ in THF. 
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BD-3 

S0 T1 

  
BD-4 

S0 T1 

  
Figure A.2. Optimized structures of S0 and T1 states of BD-3 and BD-4 THF. 

 

Figure A.3. Molecular structure of BD-4 with ellipsoids drawn at the 50% probability level. 
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Table A.3. DFT optimized geometries for ground state and triplet state of BODIPYs BD-1, BD-2, 

BD-H+, BD-3 and BD-4 in THF. 

 BD-1 BD-2 BD-2H+ 

 S0 T1 S0 T1 S0 T1 
B1-F1 1.400 1.403 1.400 1.403 1.392 1.394 
B1-F2 1.399 1.402 1.401 1.404 1.398 1.399 
B1-N1 1.552 1.544 1.550 1.543 1.557 1.551 
B1-N2 1.552 1.544 1.551 1.545 1.557 1.551 
C5-C15 1.493 1.486 1.498 1.490 1.498 1.493 
F1-B1-F2 109.65 109.12 109.56 108.98 110.31 110.04 
F1-B1-N1 110.18 110.45 110.17 110.34 110.03 110.07 
F2-B1-N2 110.15 110.41 110.27 110.55 110.12 110.44 
N1-B1-N2 106.53 106.05 106.48 106.07 106.22 105.61 
C4-C5-C6 121.29 118.35 120.77 118.09 121.54 117.92 
C16-N4-C26   119.45 117.78 112.55 112.95 
C16-N4-C27   117.68 117.36 113.64 113.23 
C26-N4-C27   111.31 111.39 111.48 111.72 

 BD-3 BD-4  
 S0 T1 S0 T1 X-ray  
B1-F1 1.395 1.399 1.394 1.399 1.392  
B1-F2 1.395 1.399 1.398 1.400 1.388  
I1-C2 2.118 2.113 2.119 2.115 2.071  
I2-C9 2.118 2.113 2.118 2.115 2.068  
B1-N1 1.556 1.548 1.553 1.546 1.546  
B1-N2 1.556 1.548 1.555 1.548 1.553  
C5-C15 1.492 1.486 1.496 1.488 1.493  
F1-B1-F2 110.21 109.56 110.13 109.48 109.55  
F1-B1-N1 110.32 110.42 110.20 110.36 110.40  
F2-B1-N2 110.33 110.36 110.22 110.51 110.39  
N1-B1-N2 106.31 105.83 106.27 105.87 106.44  
C4-C5-C6 121.23 118.39 120.70 118.15 120.97  
C16-N4-C26   119.60 117.77 119.37  
C16-N4-C27   117.68 117.38 117.59  
C26-N4-C27   111.26 111.52 111.51  
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Table A.4. Composition (%) of frontier molecular orbitals (MOs) of BD-1, BD-2, BD-3 and BD-4. 

BD-1  BD-2 
MO eV dfppy BODIPY  MO eV ppy BODIPY NMe2 
L+5 0.82 12 88  L+3 -0.24 93 5 1 
L+4 0.51 87 13  L+2 -0.59 99 1 0 
L+3 -0.50 97 3  L+1 -1.26 95 1 4 
L+2 -0.77 98 2  LUMO -2.54 4 96 0 
L+1 -1.44 99 1  HOMO -5.44 16 67 17 
LUMO -2.61 4 97  H-1 -5.62 39 33 28 
HOMO -5.55 0 100  H-2 -6.61 2 97 1 
H-1 -6.46 95 5  H-3 -6.81 10 89 0 
H-2 -6.68 5 95  H-4 -6.83 75 19 6 
H-3 -6.87 0 99  H-5 -7.00 78 2 19 
H-4 -7.15 97 3  H-6 -7.06 98 1 0 
H-5 -7.26 93 7  H-7 -7.70 10 87 3 
H-6 -7.77 86 14  H-8 -7.75 96 2 3 
H-7 -7.86 26 74       
H-8 -8.12 94 6        

BD-3  BD-4 
MO eV dfppy BODIPY  MO eV ppy BODIPY NMe2 
L+5 -0.56 96 4  L+5 -0.33 93 6 1 
L+3 -0.84 93 7  L+4 -0.63 97 3 0 
L+1 -1.50 99 1  L+1 -1.32 94 1 5 
LUMO -2.92 4 96  LUMO -2.85 4 96 1 
HOMO -5.77 0 100  HOMO -5.60 39 26 35 
H-1 -6.52 91 9  H-1 -5.77 16 75 9 
H-2 -6.66 8 92  H-2 -6.60 1 99 0 
H-3 -6.70 1 99  H-3 -6.66 2 98 0 
H-4 -7.20 98 2  H-4 -6.91 82 8 10 
H-5 -7.32 85 14  H-6 -7.10 98 2 0 
H-8 -7.77 30 70  H-9 -7.68 7 91 2 

  BD-2H+ 
  MO eV ppy BODIPY NMe2 

     L+3 -1.04 99 1 0 
     L+2 -1.46 95 4 1 
     L+1 -2.28 96 1 3 
     LUMO -3.27 3 97 1 
     HOMO -6.14 0 99 0 
     H-1 -7.20 43 57 1 
     H-2 -7.25 56 44 1 
     H-3 -7.43 0 99 0 
     H-4 -7.62 100 0 0 
     H-5 -8.02 94 6 0 
     H-6 -8.25 100 0 0 
     H-7 -8.50 5 93 1 
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Figure A.4. BD-1 selected frontier MOs in the ground state. 

 

Figure A.5. BD-2 selected frontier MOs in the ground state. 
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Figure A.6. BD-2H+ selected frontier MOs in the ground state. 

 

 

Figure A.7. BD-3 selected frontier MOs in the ground state. 
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Figure A.8. BD-4 Frontier MOs in the ground state. 
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Table A.5. Selected vertical excitation energies singlets and first triplets computed by TD-

DFT/SCRF(THF) with the orbitals involved for BD-1 and BD-2. 

BD-1 
State /nm f Transition (% Contribution) Main character 
T1 850.66 - HOMO→LUMO (101%) LE (BODIPY) 
T2 461.40 - H-2→LUMO (88%) LE (BODIPY) 
T3 433.22 - H-3→LUMO (94%) LE (BODIPY) 
S1 433.27 0.5749 HOMO→LUMO (98%) LE (BODIPY) 
S3 364.65 0.0554 H-2→LUMO (92%) LE (BODIPY) 
S4 344.00 0.0321 H-3→LUMO (95%) LE (BODIPY) 
S6 322.90 0.0400 H-5→LUMO (40%), H-4→LUMO (58%) CT (ppy→BODIPY) 
S9 272.86 0.5689 H-1→L+1 (84%) LE (ppy) 
S13 260.78 0.0320 H-2→L+1 (96%) CT (BODIPY→ ppy) 
S14 255.89 0.1650 H-7→LUMO (16%), H-5→L+1 (26%), 

H-1→L+2 (31%) 
LE (ppy), CT 
(BODIPY→ ppy) 

S15 252.14 0.1201 H-7→LUMO (59%) LE (ppy), CT 
(BODIPY→ ppy) 

BD-2 

State /nm f Transition (% Contribution) Main character 

T1 838.07 - H-1→LUMO (23%), HOMO→LUMO 
(78%) 

CT (ppy→BODIPY), 
LE (BODIPY) 

T2 536.70 - H-1→LUMO (76%), HOMO→LUMO 
(21%) 

CT (ppy→BODIPY), 
LE (BODIPY) 

T3 458.01 - H-2→LUMO (95%) LE (BODIPY) 

S1 529.75 0.0167 H-1→LUMO (52%), HOMO→LUMO 
(47%) 

CT (ppy→BODIPY), 
LE (BODIPY) 

S2 432.72 0.5283 H-1→LUMO (47%), HOMO→LUMO 
(52%) 

CT (ppy→BODIPY), 
LE (BODIPY) 

S3 367.28 0.0537 H-2→LUMO (96%) LE (BODIPY) 

S4 348.98 0.0218 H-4→LUMO (68%), H-3→LUMO (26%) CT (ppy→BODIPY), 
LE (BODIPY) 

S5 343.05 0.0500 H-4→LUMO (26%), H-3→LUMO (73%) CT (ppy→BODIPY), 
LE (BODIPY) 

S6 334.75 0.1120 HOMO→L+1 (96%) CT (BODIPY→ ppy) 

S7 316.83 0.2439 H-5→LUMO (44%), H-1→L+1 (52%) LE (ppy),  
CT (BODIPY→ ppy) 

S8 316.57 0.2922 H-5→LUMO (52%), H-1→L+1 (43%) LE (ppy),  
CT (BODIPY→ ppy) 

S10 288.14 0.0686 HOMO→L+2 (62%) CT (BODIPY→ ppy) 

S12 272.86 0.0341 HOMO→L+2 (14%), HOMO→L+3 
(55%) CT (BODIPY→ ppy) 

S13 267.75 0.0229 H-6→L+1 (87%) LE (ppy) 

S15 260.38 0.0397 H-8→LUMO (76%), H-7→LUMO (19%) CT (ppy→BODIPY), 
LE (BODIPY) 

S16 258.42 0.2889 H-8→LUMO (19%), H-7→LUMO (57%) CT (ppy→BODIPY), 
LE (BODIPY) 
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Table A.6. Selected vertical excitation energies singlets and first triplets computed by TD-

DFT/SCRF(THF) with the orbitals involved for BD-2H+ and BD-3. 

BD-2H+ 

State /nm f Transition (% Contribution) Main character 

T1 905.12 - HOMO→LUMO (102%) LE (BODIPY) 

T2 481.90 - H-2→LUMO (40%), H-1→LUMO (57%) LE (BODIPY),  
CT (ppy→BODIPY) 

T3 447.69 - H-3→LUMO (95%) LE (BODIPY) 
S1 439.21 0.5527 HOMO→LUMO (98%) LE (BODIPY) 

S2 380.88 0.0689 H-2→LUMO (30%), H-1→LUMO (65%) LE (BODIPY),  
CT (ppy→BODIPY) 

S5 355.33 0.0377 H-3→LUMO (93%) LE (BODIPY) 
S8 305.33 0.0137 HOMO→L+2 (90%) CT (BODIPY→ ppy) 
S10 281.54 0.0747 H-2→L+1 (16%), H-1→L+1 (83%) LE (ppy) 

S11 277.06 0.5993 H-2→L+1 (78%) LE (ppy), CT 
(BODIPY→ ppy) 

S15 255.90 0.0547 H-5→L+1 (51%), H-2→L+2 (19%), H-
1→L+2 (22%) 

LE (ppy),  
CT (BODIPY→ ppy) 

S16 253.88 0.2171 H-7→LUMO (85%) LE (ppy),  
CT (BODIPY→ ppy) 

BD-3 

State /nm f Transition (% Contribution) Main character 
T1 857.72 - HOMO→LUMO (98%) LE (BODIPY) 

T2 502.02 - H-2→LUMO (80%), H-1→LUMO (11%) LE (BODIPY),  
CT (ppy→BODIPY) 

T3 470.19 - H-3→LUMO (91%) LE (BODIPY) 
S1 468.04 0.5861 HOMO→LUMO (92%) LE (BODIPY) 
S2 409.21 0.0215 H-1→LUMO (98%) CT (ppy→BODIPY) 
S3 386.51 0.2153 H-2→LUMO (88%) LE (BODIPY) 
S4 384.80 0.0680 H-3→LUMO (95%) LE (BODIPY) 
S5 342.76 0.0341 H-5→LUMO (56%), H-4→LUMO (41%) CT (ppy→BODIPY) 
S6 327.03 0.0053 HOMO→L+1 (99%) CT (BODIPY→ppy) 
S7 317.14 0.0074 H-5→LUMO (42%), H-4→LUMO (58%) CT (ppy→BODIPY) 

S12 285.08 0.0875 H-8→LUMO (81%) CT (BODIPY→ppy), 
LE (ppy) 

S13 282.56 0.0221 HOMO→L+3 (78%) CT (BODIPY→ppy) 
S15 271.63 0.3646 H-4→L+1 (16%), H-1→L+1 (69%) LE (ppy) 
S16 271.47 0.0650 H-5→L+1 (16%), H-4→L+1 (67%) LE (ppy) 
S18 264.44 0.0426 H-2→L+1 (94%) CT (BODIPY→ppy) 
S24 254.76 0.1266 H-5→L+1 (35%), H-1→L+3 (32%) LE (ppy) 

 

 

 

 



 

215 
 

Annex 

Table A.7. Selected vertical excitation energies singlets and first triplets computed by TD-

DFT/SCRF(THF) with the orbitals involved for BD-4. 

BD-4 

State /nm f Transition (% Contribution) Main character 

T1 843.22 - H-1→LUMO (59%), HOMO→LUMO (39%) LE (BODIPY),  
CT (ppy→BODIPY) 

T2 594.05 - H-1→LUMO (39%), HOMO→LUMO (59%) LE (BODIPY),  
CT (ppy→BODIPY) 

T3 495.97 - H-2→LUMO (91%) LE (BODIPY) 

S1 585.43 0.0163 H-1→LUMO (15%), HOMO→LUMO (84%) LE (BODIPY),  
CT (ppy→BODIPY) 

S2 465.09 0.5598 H-1→LUMO (79%), HOMO→LUMO (14%) LE (BODIPY),  
CT (ppy→BODIPY) 

S3 387.41 0.1966 H-2→LUMO (87%) CT (BODIPY→ ppy) 
S4 381.98 0.0805 H-3→LUMO (95%) CT (BODIPY→ ppy) 
S5 370.62 0.0185 H-4→LUMO (88%) LE (ppy) 

S8 323.27 0.3715 HOMO→L+1 (95%) LE (ppy),  
CT (BODIPY→ ppy) 

S9 310.93 0.2678 H-1→L+1 (95%) CT (BODIPY→ ppy) 

S14 288.15 0.1001 H-9→LUMO (41%), HOMO→L+4 (34%) LE (BODIPY),  
CT (BODIPY→ ppy) 

S16 283.44 0.0227 H-9→LUMO (49%), HOMO→L+4 (27%) LE (BODIPY),  
CT (BODIPY→ ppy) 

S19 270.22 0.0256 HOMO→L+4 (22%), HOMO→L+5 (43%) CT (BODIPY→ ppy) 

S21 268.04 0.0176 H-6→L+1 (57%), H-1→L+4 (25%) LE (ppy),  
CT (BODIPY→ ppy) 
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Figure A.9. Calculated stick absorption spectra of BODIPYs BD-1 (a), BD-2 (b), BD-2H+ (c), BD-3 
(d) and BD-4 (e) in THF compared with the experimental ones (THF, 5x10-6 M). 
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 Research at the Eli Zysman-Colman group 

During the third year of my doctoral research, I spent four months in the research group 

of Prof. Eli Zysman-Colman at the University of St. Andrews, Scotland. The main 

objective of my stay was to further extend the heterogenization of photocatalysts by 

incorporating a compound used in that group as an organic PC into silica nanoparticles 

developed in our group. Furthermore, I tested some copper complexes and derived 

materials previously synthesized in our group as photocatalysts, taking advantage of the 

previous experience of the EZC group in photocatalysis with copper complexes. 

Here, I present a summary of the research carried out during my stay. 

In the first project, I succeeded in functionalizing a compound called DiKTa with a 

terminal alkyne. This compound, which has been extensively studied in the EZC group, 

exhibits multiresonant thermally activated delayed fluorescence (MR-TADF) in solution, 

with a fluorescence emission with maximum at 453 nm in toluene at RT [PL(DF) = 

26(1)%, p = 5.1 ns, d = 23 s]. This compound has previously been used as a 

photocatalyst in the EZC group. Functionalization with the terminal alkyne allowed its 

subsequent grafting onto nanoparticles previously decorated with azide groups through 

click chemistry reactions. The scheme of the nanoparticles structure, as well as 

photographs of them in the solid state can be found in Figure R.1. 

 The synthesized nanoparticles were analyzed by spectroscopic techniques to determine 

their photophysical properties. However, no TADF behavior could be observed in the 

nanoparticles (t = 7.0 ns, broad emission with maximum at 505 nm), in tests performed 

both in solid state and in suspension. Furthermore, an attempt was made to reproduce 

some of the photocatalytic reactions tested with the DiKTa compound under 

homogeneous conditions. However, the nanoparticles showed a much lower 

photocatalytic activity in isomerization reactions (Figure R.1 c), and with a significant 

drop in their activity when trying to recover and reuse them in successive reactions (yield 

from 35% to 25% at the second cycle). To check whether the modification in the structure 

of the molecule is the cause of the decrease in the photocatalytic activity, we tried to 

synthesize the molecular compound related to DiKTa, but containing a triazole group 

similar to that in DiKTa-NP. Unfortunately, it was possible to obtain this compound in 

the laboratory, but there was not enough time to carry out further studies with it. 
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Figure R.1. a) Schematic representation of the nanoparticles functionalized with the DiKTa 

compound. b) Photos of DiKTa-NP in solid state under visible light (left) and UV light (right). 

c) Photocatalytic isomerization reaction studied. 

In the second project, several copper(I) based compounds and materials that I had 

previously synthetized in the laboratory were used to test their efficacy as photocatalysts. 

The main copper complex I used ([Cu(dasipy)(xantphos)]PF6, (2) and its ionic 

self-condensed material (SC-2) are shown in the Figure R.2. An atom transfer radical 

addition (ATRA) reaction was tested, as it has been studied in the literature with copper 

complexes as photocatalysts (Scheme R.1). 

 
Figure R.2. a) Schematic representation of the self-condensation of the material (SC-2). b) TEM 

pictures of the material. c) Photo of SC-2 under UV light. 
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Scheme R.1. Photocatalytic ATRA reaction. 

 

The results of these tests in MeCN showed that, although very good results are obtained 

with the copper complex used in the literature [Cu(dmp)(xantphos)]PF6 (dmp = 

2,9-dimethyl-1,10-phenanthroline; 3), the copper complexes synthesized by our research 

group are not stable under these conditions and degrade before good yields can be 

obtained (Table R.1). In fact, the characteristic yellow color of these compounds turns to 

a blue/green color after the irradiation, indicating an oxidation from copper(I) to 

copper(II). It was also found that the solvent influences the stability of these complexes, 

since the yield of the reaction increases when the reaction is repeated in a less 

coordinating solvent such as DCM, but without reaching the value of the standard 

complex. 

Table R.1. Photocatalytic results of the ATRA reaction. 

Photocatalyst Yield in MeCN Yield in DCM 
[Cu(dmp)(xantphos)PF6 (3) 100% 100% 
[Cu(dasipy)(xantphos)PF6 (2) 5% 45% 
SC-2 11% 14% 

 

The stability of [Cu(dmp)(xantphos)]PF6 is probably due to the two methyl groups at 

the 2 and 9 positions of the phenanthroline, which prevent the pseudo Jahn–Teller 

distortion of the copper center after excitation. After the results obtained with the 

photocatalytic tests, the strategy was changed to try to modify the neocuproine ligand in 

order to add the functionalization that would allow its subsequent heterogenization in 

different types of materials. I worked on this modification during the last month of my 

stay, which led to the synthesis of the ligand showed in the Scheme R.2. This ligand is 

now being used in our research group to prepare new copper complexes, both homoleptic 

and heteroleptic, in order to incorporate them into materials like silicas or titanias, both 

for photocatalysis applications and OLEDs. 
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Scheme R.2. Modification of the neocuproine. 
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