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4 Abstract 

The efficient exploitation of solar energy for chemical bond formation in homogeneous 

solutions is often hampered by the fast rate of charge recombination within the solvent 

cage. Heterogeneous biphasic systems can segregate the charge carriers in different 

chemical environments, allowing the charge transfer to occur only across the interface 

between the phases. In this way, increased charge separation yield and catalyst 

recyclability can be obtained. Nevertheless, the use of chemical interfaces to foster 

photoinduced transformations has not been extensively explored. 

Aiming to explore the advantages that biphasic systems can provide compared to 

homogeneous solutions, this work focuses on using derivatives of peri-xanthenoxanthene 

(PXX), an oxygen-doped analogue of anthanthrene already employed in homogeneous 

photocatalysis, for photoinduced processes in heterogeneous systems. In particular, the 

interface between solid/liquid and liquid/liquid immiscible solutions have been 

investigated. 

In chapter 2, spectroscopic, electrochemical and computational analyses on PXX 

derivatives are presented. Specifically, the effect of the elongation of the aromatic surface 

and the replacement of the oxygen with sulphur atoms was investigated. In chapter 3, 

novel PXX derivatives were loaded on polymeric surfaces and the functionalised 

materials employed in the photodebromination of p-bromoacetophenone, both dispersed 

in bulk solution and within a microfluidic reactor. Aiming to develop a biphasic liquid 

system to foster photoinduced electron transfer (PET) between a fluorinated and organic 

liquid phase, in chapter 4 the attempts to obtain selective orthogonal solubility of the 

electron donors and acceptors by functionalisation with alkylic or fluorinated pendants 

are reported. 

This project was the first to extensively investigate the use of PXX derivatives in 

heterogeneous photoreactions and characterise the photophysical properties of the 

functionalised materials. The studies revealed a rich band gap tunability of up to 1.3 eV 

for PXX derivatives in solution. In addition, the loading on polymeric scaffolds not only 

improved the reaction yield but product conversion up to 30% after three cycles of 

catalyst recycling was obtained. Consequently, biphasic systems can be considered a 

promising way to foster the applicability of organic photocatalysis in industrial processes. 
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Chapter 1 

 

1 Harnessing light energy at the interfaces: from natural systems 

to artificial applications 

From the second decade of the 20th century, much effort has been devoted to efficiently 

transduce solar light energy in chemical energy within chemical bonds for the production 

of relevant chemical compounds, solar fuels, or to be stored.[1–3] To do so, charge 

separation upon photon absorption should take place and the surplus of energy must be 

harvested before charge-recombination occurs. The lifetime of the intermolecular charge-

separated states is often too short to allow an efficient encounter with the designated 

quencher molecules.[4,5] Notably, in liquid homogeneous solution, the rate of charge 

recombination within the solvent cage is usually diffusion-controlled (few hundred ps or 

less).[5,6] 

On the other end, photosynthetic organisms efficiently harness solar energy from the sun, 

storing it into chemical bonds. They exploit the solar light absorbed by specialised 

pigments to synthesise highly energetic adenosine triphosphate (ATP) and 

dihydronicotinamide adenine dinucleotide(phosphate) (NAD(P)H) molecules that are 

then used for the CO2 reduction.[7] The entire process is achieved by segregating the 

reactive species in different phases across a lipid membrane. The membrane is 

functionalised with active components which take part in a cascade of short-range 

electron transfer (ET) events and eventually generate long-lived transmembrane charge-

separated states.[8,9] 

The principles of compartmentalisation observed in natural photosynthetic systems have 

been used as a blueprint for the design of systems to efficiently exploit solar light 

energy.[1–3,10] In particular, the charge carriers and reactants have been segregated in 

compartmentalised chemical environments across bilayer membranes or in different 

phases of heterogeneous biphasic systems constituted by gas, liquid and solid phases. In 

this way, the interaction between the separated species can occur only in the proximity of 

the interface between the phases or across the membrane.  
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In the following sections, the importance of reactant compartmentalisation to enhance the 

efficiency of light-induced processes is discussed in several natural (section 1.1) and 

artificial (section 1.2) systems. In the latter case, systems based on the use of bio-inspired 

bilayer membranes, heterogeneous solid/liquid (section 1.4) and liquid/liquid interfaces 

(section 1.5) are reported. 

 Harnessing solar light energy in natural organisms 

Photosynthetic organisms can harness solar light energy converting it into chemical 

bonds. The overall process is constituted by light-dependent and light-independent 

events. In oxygenic photosynthesis (e.g., green plants), the absorption of photons drives 

the photooxidation of H2O that initiates a series of photoinduced and in dark processes 

leading to the synthesis of NAD(P)H and ATP. The latter is then used in the light-

independent processes to provide the energy required to convert CO2 into carbohydrates 

through the Calvin cycle or to the evolution of H2 in anoxygenic photosynthesis (figure 

1-1).[11,12] 

 

Figure 1-1. General scheme of a chloroplast showing the process of light-induced charge transfer 
across the thylakoid membrane and the reduction of CO2 into sugars in the RC of green plants. 
PSI = photosystem I, PSII = photosystem II, PQ = plastoquinone, PC = plastocyanin, Cytb6f = 
cytochrome b6f, Fd = ferredoxin, FNR = ferredoxin-NADP+ reductase, OEC = O2-evolving 
complex, P680 and P700 = reaction centres in PSII and PSI respectively. Adapted with permission 
from ref 11 (copyright 2004, Nature Publishing Group) and ref 12 with permission from the Royal 
Society of Chemistry. 

Three are the main steps of the process, which are consistent in all the photosynthetic 

organisms: i) light harvesting, where the light is absorbed by specialised pigment proteins 

that form the light-harvesting complexes (LHCs) or antenna system and funnelled by 

energy transfer cascades to the reaction centre (RC); ii) charge separation where a series 

of unidirectional light-induced and in the dark ETs achieve a long-lasting spatial 

separation of electrons and holes within the RCs; iii) catalysis, in which the energy stored 
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by the generation of a proton gradient across a cellular membrane is exploited in the 

synthesis of ATP. In the green plants, all the light-induced processes occur across the 

thylakoid membrane within specific organelles called chloroplast, where all the 

transmembrane proteins that contribute to the process are located (figure 1-1). 

After absorption of light by chlorophyll or by the LHCs, the excitation energy is funnelled 

to the RC composed by PSII and PSI, where pigments P680 and P700 are located, and a 

Z-scheme architecture achieves long-range charge separation. The excited chlorophyll 

pigment *P680 is oxidised by plastoquinone (PQ) placed within the thylakoid membrane. 

PQ is then oxidised by cytochrome b6F (Cytb6f), which donates the acquired electron to 

the plastocyanin (PC). P680+ is then restored by the O2-evolution complex, which triggers 

the 4-step oxidation of H2O through the O2-evolving complex located in the inner part of 

the cell. A second photon generates *P700, which photoreduces ferredoxin (Fd) that, in 

turn, reduces ferredoxin NAD(P)+ reductase (FDR), triggering the reduction of NADP+ 

in the outer part of the membrane. The reduced PC then restores P700+. Besides, the 

unbalanced formation of H+ across the membrane generates a proton gradient whose 

energy is exploited in the formation of ATP by ATP-synthase.  

It is worth noticing that the presence of the thylakoid membrane constitutes a pivotal 

structural factor in the process since it separates the oxidative and reductive processes by 

compartmentalising the products within the chloroplast in the lumen or the stroma. This 

minimises the charge recombination between holes and electrons or oxidised and reduced 

species. In addition, the spatial separation of the PSII and PSI systems hampers the 

undesired excited state quenching events that could hinder the charge-separation lifetimes 

and degrade parts of the system by undesired oxidations or reductions. Moreover, the 

precise spatial disposition of the transmembrane proteins maximises the packing density 

and ET efficiency. Even though the thermodynamic driving forces of the various ET steps 

and the kinetics are coupled to favour forward over back-ET events, low charge 

separation efficiency would be obtained without a precisely fixed disposition in space and 

compartmentalisation across the interface.[13] 

While the components of the photosynthetic units differ depending on the organisms, the 

use of the membrane appears to be a ubiquitous way to achieve a long-lasting 

photoinduced charge transfer in nature, as shown by the anoxygenic photosynthetic RC 

of bacterium Rhodopseudomonas Viridis (figure 1-2).  
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Figure 1-2. A. Scheme of the RC of Rhodopseudomonas Viridisi bacterium. B. Energy states of 
the Cy-P-BP-Qa system and kinetic constants for each ET. Adapted with permission from ref 14. 
Copyright 2014, John Wiley and Sons. 

In this bacterium photosynthetic RC, the proteins and the complexes that take part in the 

process are located across a lipid bilayer membrane and maintained fixed by the 

interactions with linear proteins within the double layer. Upon excitation of the bacterium 

chlorophyll system P870a (P) (figure 1-2, B. step 1), a first ∼3 ps ET to the 

bacteriopheophytin (BP, step 2) and a second ∼200 ps ET from BP to the quinone (QA, 

step 3), drive the electron toward the inner part of the cell. The P870a+ is restored by a  

4-heme c-type cytochrome (Cy) that drives the hole to the exterior part of the membrane 

(step 4).[14] Different protein environments seem to influence the dielectric strength along 

the different branches of the RC, favouring the charge separation preferentially along one 

of the two branches.[15] The system is so organised that minimal variations in the distances 

of the components dramatically affect the overall process efficiency.[13]  

The following section describes the use of different types of interfaces to mimic the 

activity of natural photosynthetic units to achieve efficient long-range PET. Their use in 

photoactivate processes from artificial photosynthesis to photoredox chemical 

transformation is also discussed. 

 Artificial Systems 

Global research is continuously developing to harness solar energy into sustainable 

electricity, solar fuels and discover novel synthetic methodologies.[10,16,17] Nevertheless, 

 
i The determination of the 3D structure of the Rhodopseudomonas viridis RC awarded J. Deisenhofer, R. 
Huber and H. Michel with the Nobel prize in chemistry in 1988. 

A        B 
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the light-harvesting stages and the generation of a long-lasting charge separation remain 

the main limiting step in these strategies.[18,19] On the other hand, as reported above, the 

compartmentalisation provided by the cellular membrane allows natural photosynthetic 

units to achieve almost unitary efficiency in separating the positive and negative charges. 

For example, charge separation efficiency for PSII of Arabidopsis thaliana is estimated 

between 84% in high-light intensity conditions when the plants develop a small antenna 

system and 91% under low-light conditions where bigger antenna systems are 

developed.[20] Nevertheless, depending on the type of organism, the overall efficiency of 

the photosynthetic organisms in biomass production from the light energy is estimated at 

around 1-0.1%.[14] 

Bio-artificial systems have been produced by coupling bio-scaffolds, like the thylakoid 

membrane or the PSII and PSI, to artificial electrodes for H2 and O2 evolutions or directly 

producing electricity.[21] Unfortunately, degradation of the biological scaffolds due to 

light excitations has by now limited their applicability. On the other hand, the inclusion 

of an entire bacterium RC system in a device mimicking the spatial 3D organisation of a 

bacterium cellular membrane led to the production of ATP molecules.[22]  

Another versatile technique is the use of self-assembled artificial active lipid bilayers that 

allow both the compartmentalisation of the different reactants and the membrane 

functionalisation with active photoactive species.  

The first system designed to mimic natural photosynthetic systems using self-assembled 

micellar systems dates back to 1979.[23,24] Nevertheless, the increased availability of 

photoactive organic and inorganic materials that could be employed in the development 

of biomimetic artificial photosynthetic systems has recently fostered a renewed 

interest.[25] The ET cannot proceed by tunnelling across the membrane since the 

hydrophobic membrane is usually too thick (30–35 Å) to allow a direct charge transfer at 

a reasonable rate.[26] In fact, the charge is usually transported through a cascade of small 

distance ETs exploiting the redox carriers located within or across the membrane. The 

design of bilayer membranes to mimic natural transmembrane redox processes have 

mainly followed three strategies:  

a) embedding biological components (e.g., transmembrane proteins, ATP synthase) 

across the bilayer membrane;  

b) synthesising artificial molecular and supramolecular systems and arranging them 
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across the membrane;  

c) employing biological or artificial charge carriers able to diffuse in certain conditions 

across the membrane. 

Building on strategy a), Reisner and al. embedded across a lipid bilayer an icosa-heme 

transmembrane ET protein complex (MtrCAB) found in Shewanella Oneidensis MR-1 

bacteria (figure 1-3, A.).[27] The system exploited a ruthenium polypyridine complex 

attached to TiO2 nanoparticles as an antenna system (light-harvesting nanoparticles, 

LHNP) outside the membrane. Upon light excitation, a PET from the LHNP to the 

embedded protein led to the shuttling of an electron inside the liposome. The charge 

separation across the membrane was monitored by the degradation upon reduction of a 

red 120 dye (RR120) located in the inner part of the liposome. The LHNPs charge 

neutrality was then restored by electron donation from EDTA (sacrificial electron donor, 

SED).[28] In another example (figure 1-3, B), the whole photosynthetic RC of R. 

sphaeroides purple bacteria was included in a vesicle and interfaced with the cytochrome 

c2 (cyt) and ferrocyanide ([Fe(CN)6]4-). In this case, due to the presence of quinones (QA) 

within the membrane, by light excitation not only a charge separation but even proton 

shuttling across the bilayer was afforded with a rate of variation of proton concentration 

in solution of 0.061 pH/min.[27]  

 

Figure 1-3. A. Scheme of the system employing bacterium transmembrane protein (MtrCAB) 
embedded in a liposome membrane to achieve electron shuttling across the bilayer after PET from 
nanoparticles functionalised with ruthenium complexes (LHNPs). The process was monitored by 
the reductive bleaching of the internalised red azo dye reactive red 120 (RR120). EDTA was used 
as a sacrificial electron donor (SED). B. Scheme of the system including whole photosynthetic 
RC of R. Sphaeroides purple bacteria affording charge separation and proton gradient across the 
membrane. cyt = cytochrome c2, QA = quinone.  Adapted from ref 27. Copyright 2017 National 
Academy of Sciences and from ref  28 with permission from the Royal Society of Chemistry. 
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Moore et al. followed strategy b) to engineer the formation of a proton gradient across a 

vesicle membrane using a molecular triad (Q-P-C) formed by a naphthoquinone moiety 

as electron acceptor (Qs), a tetraarylporphyrin as a photosensitiser (P), and a carotenoid 

as electron donor (C) (figure 1-4).[29] The light excitation of P generated the charge-

separated state Q--P-C+. The quinones (Qs) located within the bilayer membrane can 

accept an electron from the radical anion Q- and get protonated (QsH). After an ET to C+, 

the QsH+ radical shuttles a proton to the inner part of the vesicle.[29] An updated bio-

artificial hybrid version of the system included the ATP synthase within the membrane, 

exploiting the potential energy stored in the proton gradient to synthesise ATP 

molecules.[30]  

 

Figure 1-4. Left. Schematic diagram illustrating the orientation of triad Q-C-P in a liposome, with 
2,5-diphenylbenzoquinone (Qs) within the interface between the bulk aqueous phase and the 
bilayer lipid membrane. Upon light excitation of the Q-C-P (Step 1) and the intramolecular charge 
separation, Qs gets oxidised and protonated at the outer part of the membrane (steps 2 and 3). QsH· 
diffuses to the inner part of the membrane (step 4), gets oxidised by C·+ and releases an H+ (step 
5 and 6). Finally, Qs diffuses back, closing the cycle. Right. Structures of triad Q-C-P and (Qs). 
Adapted with permission from ref 29. Copyright 1997, Nature Publishing Group. 

An entirely artificial system was reported by Matile et al. (figure 1-5).[31,32] P-octiphenyl 

rods were used to create helical tetrameric -stacks of naphthalene diimides (NDIs) that 

could span a lipid bilayer membrane. 2-Sulfonato-1,4-naphthoquinone (Q) was employed 

in the inner part of the lipid bilayer as the electron acceptor, while EDTA acted as the 

hole transporter in solution. Upon light excitation of NDIs, an electron was transported 

through the interacting chromophores to the inner part of the vesicle, where quinones 

were reduced and then protonated, generating a proton gradient. The charge was then 

balanced by electron donation from EDTA to NDI+. It is worth noticing the importance 

of a precise disposition of all the different components since no photoproduction of a 

proton gradient could be achieved upon modification of the spacing among the dyes or 

shortening of the rods.[31] 
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Figure 1-5. System where a self-assembled columnar stack of NDI derivatives was embedded 
within a lipid membrane for photoproduction of a proton gradient across the barrier. Upon light 
excitation of the NDIs assembly, an ET to the internal 2-sulfonato-1,4-naphthoquinone (Q) 
achieved a charge separation and a first reduction of the quinone (QH·). A second light excitation 
triggers the second quinone reduction (QH2), extracting a proton from the solution and generating 
a proton gradient. The NDIs stack was regenerated by external EDTA oxidation. Adapted with 
permission from ref 31. Copyright 2008 American Society of chemistry and adapted with 
permission from ref 32. Copyright 2006, The American Association for the Advancement of 
Science. 

A relevant example for the strategy c) is a system employing a membrane-soluble 

molecular electron relay 1-methoxy-N-methylphenazinium cation (MMP)+ for the 

generation of a proton gradient by unidirectional transmembrane ET in liposomes 

functionalised with a lipophilic zinc porphyrin photosensitiser (figure 1-6).[33]  

 

Figure 1-6. Scheme of the photocatalytic reduction of WST1- by EDTA using porphyrin-
functionalised liposomes. a) Passive diffusion of MMP+ through the membrane into the liposome. 
b) Absorption of light by Zn-porphyrin; c) photocatalytic oxidation of EDTA and reduction of 
MMP+ to MMPH; d) passive diffusion of MMPH through the membrane; e) chemical (dark) 
reduction of WST1 to Fz12 by MMPH; f) Undesired re-oxidation of MMPH to MMP+ by O2. 
Adapted from ref 33 with permission from the Royal Society of Chemistry. 

In this system, EDTA was placed in the inner part of the liposome, acting as electron 

donor, while 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium 

anion (WST)- was solubilised in bulk solution as electron acceptor. In O2-free conditions, 

the diffusion of MMP+ across the membrane allowed, upon porphyrin excitation, the 
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photooxidation of the EDTA and the MMP+ reduction to MMPH. The latter could diffuse 

back to the outer part of the membrane, where it could reduce (WST)-. In this way, a 

unidirectional proton transfer from the inner to the outer part of the liposome that avoids 

the charge recombination between (WST)- and EDTA, increasing the product formation, 

was allowed by the physical separation of the reactants. The higher amount of product 

formation compared to the concentration of electron relay MMP+ suggested that electron 

transport was catalytic.[33] Nevertheless, the O2 ability to react with MMPH and the 

embedded zinc porphyrin highlighted how a precise tune and control of the 

thermodynamic (e.g., redox potentials, photophysical properties of the components, 

stability of the photoactive compounds upon excitation) and kinetics (e.g., quenching and 

charge transfer dynamics, luminescence lifetimes) parameters is essential to achieve 

efficient systems able to transduce light energy.  

In the next section, the discussion on the use of reactant compartmentalisation to achieve 

photoinduced charge separation will be expanded to the use of interfaces generated across 

a liquid solution and a photoactive solid material or between two immiscible liquids. In 

particular, their use in developing innovative synthetic procedures as alternatives to 

standard batch homogeneous protocols is examined. 

 Interfaces for photochemical transformations 

Functionalised membranes can preserve the proton concentration gradient by blocking 

the diffusion outside the membrane and slowing down the charge recombination.[34,35] In 

the latter case, in accordance with the Marcus theory, the charge recombination is 

hindered by the increased distance between the different charges, allowed by the quick 

shuttling of the charges across the different sides of the membrane. 

An additional way to hamper the back-ET rate is by segregating the charge carriers in 

different, compartmentalised chemical environments that can interact only across an 

interface, avoiding diffusion and close contact between the charged species.[36] For 

example, if the reactants are segregated in different phases communicating through an 

interface, a PET across the phase-boundary would confine the charges in different media 

with different physical properties. The modification of the chemical environments where 

the charges are located can foster the elongation of the lifetime of the charge-separated 

state, allowing to carry out chemical transformations. 
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Conversely, in a single-phase isotropic solution, no driving forces except diffusion 

separate the charged species after a PET and back-ET is usually faster than intermolecular 

quenching. A way to increase the relative amount of desired intermolecular quenching 

events is to increase the relative amount of quenchers compared to the catalysts. (e.g., in 

photoredox transformation, the catalyst concentration is usually around 1-10 mol% 

compared to the quenchers). In this way, the frequency of molecular collisions increases, 

and the intermolecular ET can compete with back-ET. 

 Solid/Liquid Interface 

The segregation of chemically active species on a solid surface interacting with reactants 

in solutions have been widely exploited in the field of heterogeneous catalysis. 

Heterogeneous catalysis is ubiquitous in industrial processes (90% of chemicals 

industrially produced by volume are obtained by heterogeneous catalysis)[37] since it 

allows easy separation of the solid from the reaction media and high durability, affording 

the possibility to recycle and reuse the same catalyst for several reaction batches. The 

solid surfaces can be formed by species that actively participate in the chemical 

transformations (e.g., MoS2, Fe, Pt, zeolites, and a wide range of mixed metal oxides)[38] 

or by inert supports for the anchoring of compounds able to trigger specific 

transformations (e.g., polymer-supported catalysis).[39] Moreover, metal oxides 

nanoparticles (e.g., TiO2), due to their semiconduction properties at rt (TiO2 nanoparticles 

Eband gap  3.0 eV), are used in solution for photoinduced processes (e.g., DSSC), often 

coupled with inorganic complexes as photosensitisers (e.g., [Ru(bpy)3]2+).  

The use of dye-functionalised materials in light-induced processes can merge the 

recyclability and stability proper of heterogeneous photocatalysis with the chemo 

selectivity of homogeneous photocatalysts.[40] 

In particular, the interactions with the solvent and substrate molecules, which can be 

detrimental to the dye stability, are reduced compared to the homogeneous solution. In 

addition, the fixed disposition in the space of the immobilised photoredox catalysts can 

reduce molecular geometry reorganisations at the excited state or after the PET, 

enhancing the photocatalyst stability. Moreover, the photophysical and electronic 

properties of the dye-anchored materials could be finely tuned by modification of the dye 

structure, allowing the possibility to increase the reaction yield and trigger specific 
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photoreactions.[41] In addition, quick separation from the reaction media could be 

achieved (figure 1-7). 

 

Figure 1-7. Scheme of the advantages of polymer-supported photocatalysis compared to 
heterogeneous and homogeneous photocatalysis. 

In this context, polymeric materials can offer advantages compared to inorganic materials 

due to their higher chemical stability, transparency, low cost and the possibility to be 

easily functionalised to allow dye immobilisation. The anchoring between the surface and 

the dye could be afforded by non-covalent bonding (e.g., ionic or Van Der Waals 

interactions), covalent bonding (e.g., coupling of the dye with a preformed polymeric 

surface), copolymerisation of dye-functionalised and non-functionalised monomers, 

formation of covalent ordered structures as metal-organic frameworks (MOF) or by 

directly embedding the dye within the polymeric surface.  

The examples reported in the literature focus on two different strategies: a) heterogeneous 

light-mediated O2 sensitisation, where the photoactive materials are exploited for the 

photosensitisation of O2 molecules, generating reactive 1O2 molecules which then take 

part in the reaction; b) heterogeneous “direct” photoredox reactions, developed more 

recently, where molecular photocatalysts directly participate to the photoredox reactions 

by carrying out PET with the reactants. 

 



Chapter 1 

Cardiff University 12 School of Chemistry 

1.4.1 Heterogeneous light-mediated O2 sensitisation  

The use of insoluble polymers as supports to trigger chemical reactions dates back to 1965 

with the work on styrene-divinylbenzene resins for polypeptide synthesis by Merrifield[42] 

and Letsinger.[43] Soon after, seminal examples of dye-functionalised resins for  

light-activated processes largely exploited the properties of organic dyes like rose bengal 

(RB), eosin Y (EY) and methylene blue (MB) as efficient 1O2 sensitisers (figure 1-8).[44,45] 

 

Figure 1-8. Scheme of the structure of the more relevant organic dyes, materials, type of 
anchoring and scope for polymer-supported light of sensitisation of 1O2. 

The dyes were attached to the different resins by non-covalent or covalent bonding. 

While anion exchange resins were functionalised either with RB, MB or EY for the 

photosensitised oxidation of 2-methyl-2-butene or anthracene in MeOH,[46] the first 

detailed analysis of the properties of polymer-supported dyes employed RB-

functionalised chloromethylated poly(styrene-divinyl benzene) (PS-PV) resin. The 

photoactive compound was covalently loaded to the support by esterification between the 

chloromethylated group on the resin and the carboxylate function of the dye. The 

photogenerated 1O2 was exploited for the oxidation of several alkenes.[47] The 1O2 

formation was confirmed by the decreasing of the reaction yield when the 1O2 trap l,4-

diazabicyclo[2.2.2]octane (DABCO) was added to the solution, and no leaking of the dye 

was reported. Compared to the homogeneous system, increased product formation was 
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observed, and the catalysts could be recycled upon filtration.[48,49] Also, no 1O2 

sensitisation was observed when a dispersion of insoluble RB dye in CH2Cl2 was tested. 

This result was attributed to the self-quenching of the RB excited state due to the close 

packing in the solid that could modify the photophysical properties of the dye. These 

findings suggested that an immobilised dye could react as if it is directly solubilised in 

solution but with acquired stability provided by the anchoring to the solid surface. The 

system showed poor sensitisation of 1O2 in H2O due to the hydrophobicity of the PS-PV 

resin. When the PS scaffold was replaced by a more hydrophilic polymer Sensitox II 

(HP), 1O2 sensitisation was achieved, allowing the oxidation of several organic scaffolds, 

along with the photodynamic inhibition of the E. Coli activity.[50–52]  

Similarly, increased 1O2 formation compared to the homogenous case was obtained when 

RB was covalently anchored to SiO2, or EY, fluorescein, chlorophyllin or 

hematoporphyrin were inked to chloromethyl PS resin.[53] Demuth and co-workers 

developed a large scale flat-bed solar reactor that allowed a large scale photoproduction 

of 1O2 that was used for the photooxidation of several organic substrates (e.g., 

citronellol).[54] Besides, the use of phthalocyanines covalently anchored to PS, 

polymethyl methacrylate (PMMA) or adsorbed on SiO2 for the photooxidation of 2-

mercaptoethanol to the correspondent disulphide in H2O provided higher dye 

photostability compared to the homogeneous solutions.[55] The reuse of the dye-

immobilised resins to catalyse the conversion of new batches of reagents is reported.[56] 

EY carboxylate was anchored to an ionic exchange Amberlite IRA 900 chloride resin 

(b(EY)) (figure 1-9, A.) and the functionalised resin was used for the photooxidation of 

serval organic sulphides and hydroxylation of phenylboronic acids.  

 
Figure 1-9. A. Preparation of b(EY). B. Scheme for the reaction of oxidation of thioanisole and 
reported yields obtained for the recyclability test. Adapted with permission from ref 56. 

A 

B 
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In particular, 90% yield was obtained when b(EY) was employed for the oxidation of 

thioanisole to the corresponding sulphoxide (figure 1-9, B). The photocatalyst was 

recovered and used again for new batches of reactants. The procedure was repeated for 

five cycles, resulting in an 80% yield for the final reaction batch.[52] Nevertheless, no 

information about the dye degradation on the beads surface or quantitative data on the 

extent of dye leak in solution was provided. In addition, from the reported analysis, it is 

not possible to assess whether a stochiometric excess of the dye was initially employed. 

The type of anchoring has a substantial effect on the recyclability of the functionalised 

material. Other than by functionalising preformed polymeric materials, the dye loading 

could be achieved by copolymerisation of dye-functionalised and non-functionalised 

monomers, obtaining strong bonding to the matrix. On the other hand, this goes at the 

expense of the control on the distribution of the dyes on the polymer surface, since part 

of the photoactive species could degrade during the polymerisation or get trapped within 

the surface, losing their reactivity and solvent accessibility. Nevertheless, depending on 

the polymerisation conditions, materials with different porosity and mechanical 

properties could be obtained. For example, a boron-dipyrromethene (BODIPY) derivative 

(BDP-St) bearing a terminal styrene monomer was exploited in the copolymerisation of 

a polyvinyl structure to obtain a material with interconnected pores (Pol-BDP) that was 

used in the photooxidation of aromatic thioethers (figure 1-10).[57] 

 

S S

O
Cat.

Vis. light,
MeOH

 
Figure 1-10. A. Structure of BDP-St and Pol-BDP. B. Pol-BDP under sunlight, irradiated at λexc 
= 250 nm and SEM images. C. Thioanisole oxidation and nine consecutive kinetics of conversion 
reusing the same catalyst batch. Adapted from ref 57 with permission from the RSC.  
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Upon optimisation of the BODIPY loading, recyclability up to nine cycles for the 

thioanisole oxidation to sulphoxide was achieved, with product yield dropping by only 

10%, from 99% for the first batch to 90% for the last one, without relevant leaking of the 

catalysts.[57]  

Not only the type of anchoring but even the chemical environment surrounding the 

supported dye could impact the material performance. This is not surprising since even 

in photosynthetic systems, the transmembrane proteins are precisely placed distant from 

each other to avoid interactions that could hamper the efficiency of the process. In the 

case of dye-supported materials, the presence of non-reacted sites on the surface of the 

resin could influence the photocatalyst activity. For example, it is reported that the 

unreacted chloromethyl sites of an RB-immobilised (chloromethyl)PS resin for the 

production of 1O2 have a substantial impact on the yield of oxidation of furanoic acid.[58] 

More in detail, the initial reaction yield of 14% was increased to 89% (the yield 

employing RB in solution was 49%) with recyclability up to ten cycles when the 

unreacted chloromethyl sites on the resin were capped with pyridine, with the formation 

of pyridinium salts. 

Also, dyes can be directly included within the polymer matrix. In this way, no structural 

modifications of the dye or surface functionalisation are required. This can be achieved 

by adding a solution of the dye to the polymerisation reaction of the dye-free monomers. 

If no phase separation takes place, the dye would be physically trapped inside the 

polymeric matrix. When the dye-embedded polymer is dispersed in a solvent not able to 

swell it, the O2 molecules could diffuse through the matrix and interact with the 

photoactive species, while the bigger the solvent molecules are maintained outside the 

polymer matrix.[59] Several materials for the 1O2 sensitisation and O2 sensing employed 

this method. For example, polydimethylsiloxane (PDMS),[60] due to its chemical stability 

toward oxidation, transparency, hydrophobicity and simple production protocol starting 

from preformed oligomers, was used to incorporate thionine derivatives and [Ru(bpy3)]2+ 

as O2 sensors.[61] Also, apolar dyes such as zinc porphyrins (ZnP) and phthalocyanines 

were incorporated in PDMS matrix and used to photogenerate 1O2 affording the oxidation 

of 1-methyl-1-cyclohexene featuring a higher turnover number (TON) than the dye 

directly dissolved in solution and recyclability up to two cycles.[62] The major drawback 

of this loading technique relies on the narrow choice of reaction solvents: apolar solvents 

tend to swell the polymer materials and diffuse inside them, causing a relevant leak of 

photoactive material in solution.  
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1.4.2 Heterogeneous photocatalytic transformations 

In the last decades, the renewed interest in photoactivated processes fostered studies on 

heterogeneous light-mediated systems. The main aim was to translate the photoredox 

activity of homogeneous molecular catalysts into more robust and recyclable systems. 

The acquired knowledge on photoactivated natural processes allowed the development of 

systems that mimic the ability of proteins and enzymes to arrange their active sites in the 

most favourable conformation for reactivity. For example, the activity of natural 

cytochrome c was mirrored by Fe-porphyrins (FeP) covalently anchored to a polyvinyl 

pyridine (PVP) matrix (figure 1-11).[63]  

 

Figure 1-11. Fe-porphyrin-PVP (FeP-PVP) system able to afford O2 reduction mimicking the 
activity of cytochrome c. X: polymer-backbone (-CH(4-pyridinyl)-CH2). See ref 63. 

The polymer ability to reduce the coordination of the Fe atoms was verified by quenching 

studies. The FeP-PVP polymer was titrated with bisacetylacetonato-bis(1-methyl-5-

carboxylimidazole)ruthenium(II) complex, able to reduce the Fe atoms of the porphyrin. 

The formation of a 5-coordinate FeII porphyrin was observed spectroscopically when the 

FeP-PVP polymer was tested, in contrast to the 6-coordinate FeII porphyrin obtained upon 

titration of the monomeric FeP employing the same Ru complex. This result confirmed 

that the polymeric network could effectively protect the active site of the compound, 

similar to how the protein conformations can block and bury the catalytic site. In another 

example, the activity of catalase, the enzyme that triggers the disproportion of H2O2
 to 

H2O and O2, was mimicked by the Mn-porphyrin Mn(III)5,10,15,20-tetrakis-(N-methyl-

4-pyridyl)porphyrin (MnM4Py4P) attached by ionic interaction to a carboxymethyl 

poly(1-vinylimidzole) (CM-PVIm) polymer (figure 1-12).[64] 
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Figure 1-12. A. Design of the polymer-bound Mn-porphyrin system for photodegradation of 
H2O2. B. Plot of O2 production against reaction time using different porphyrins (MnM4Py4P and 
MnM4Im4P) attached to a carboxymethyl poly(1-vinylimidzole) (CM-PVIm) matrix with Mw = 
10000. Adapted from ref 64 with permission from the Royal Society of Chemistry. 

For the first time, the O2 evolution upon light excitation of the Mn-porphyrin in H2O was 

observed, where MnM4Py4P is not soluble. No O2 evolution was reported when 

MnM4Py4P was dispersed in solution or when it was bound to polyacrylic acid (PAA), 

suggesting that both the protected environment provided by the coordination of 

MnM4Py4P with the CM-PVIm and the presence of the carboxylic and imidazole groups 

of the polymer were beneficial to induce the catalase activity. The use of the more 

electron-withdrawing porphyrin Mn(III)-5,10,15,20-tetrakis-(1,3-dimethylimidazolium-

2-yl)porphyrin) (MnM4Im4P) and a decrease in polymer chain length from Mw = 10000 

to Mw = 3000 fostered the O2 evolution. The author suggested that the more  

electron-withdrawing porphyrin can favour the rate-determining step of the mechanism, 

while the lower polymer weight provided a more favourable distance between the  

Mn-porphyrins and the imidazole groups. 

The different chemical environments assured by the polymer scaffolds surrounding the 

photoactive species can not only influence the yield but even modify the reactivity. For 

example, the binding of a Fe-porphyrin to a PVP scaffold was employed for the 

chlorination of dimedone for the development of a synthetic equivalent of 

chloroperoxidase.[65] A new reactivity compared to the activity of the Fe-porphyrins in 

solution was reported with not only the formation of the expected chlorodimedone, but 

even of 2-hydroxidimedone. The authors attributed this finding to the coordination of the 

Fe-porphyrin to the pyridine nitrogen of PVP, which could affect the electron distribution 

and reactivity, favouring a “peroxidase type” mechanism. The 2-hydroxidimedone was 

obtained previously for the reaction of dimedone with H2O2 in basic conditions. 

A B 
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Hisaeda et al. explored the use of a B12 derivative (heptamethyl cobyrinate perchlorate) 

(B12) and of the [Ru(bpy)3]2+ photosensitiser anchored to the same PS-based polymer to 

achieve the light-induced debromination of (2-bromoethyl)benzene.[66] The work 

developed from a previous report of the same group, where the dechlorination of 1,1-

bis(4-chlorophenyl)-2,2,2-trichloroethane (DDT) was catalysed in homogeneous solution 

by B12 after a PET with [Ru(bpy)3](ClO4)2.[67] In that case, an excess of 

[Ru(bpy)3](ClO4)2
 was required to achieve efficient photoproduction of the Co(I) active 

catalytic species of B12. In this case, a functionalised PS-based polymer (Co-Ru-

polymer) was produced by copolymerisation of styrene monomers with B12 and 

[Ru(bpy)3]2+ bearing styrene monomers (figure 1-13).  

 

Figure 1-13. Scheme of the copolymerisation of [Ru(bpy)3]2+
 and Co(I) complexes with styrene 

monomer. See ref 67. 

The fixed close packing of B12 and [Ru(bpy)3]2+on the polymer surface allowed an 

efficient photoproduction of the Co(I) species (figure 1-14). Compared to the 

homogeneous solution (Co,Ru), an increase in the catalytic activity of the system for the 

photooxidative debromination of (2-bromoethyl)benzene was reported, along with a 

higher turnover number (TON) (figure 1-14, entry 1 and 2). No product formation was 

reported when only B12 or [Ru(bpy)3]2+ were employed in solution. The anchoring of the 

Ru and B12 at a fixed distance provided efficient photodebromination of  

(2-bromoethyl)benzene even in more diluted conditions, with a remarkable increase of 

the TON (figure 1-14, entry 3). Conversely, only 2% conversion was reported employing 

Co,Ru at the same concentration (figure 1-14, entry 4). 
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Figure 1-14. Scope of the reaction and scheme showing the effect of dilution on PET in the 
polymeric system and in the non-polymer system. Adapted from ref 67 with permission from the 
Royal Society of Chemistry. 

Recently, Glorius et al. reported the first systematic use of polymer-attached 

photocatalyst for a broad reaction scope ( figure 1-15).[68] A derivative of 

[Ir(dF(CF3)ppy)2(dtbbpy)](PF6) bearing two carboxylic functionalities was covalently 

linked to commercially available (aminomethyl)polystyrene beads by amidic bond and 

employed in the dearomatisation of pyridines. 

N

N

Ir

N

CF3

CF3

F

F

F

F

N

N

OH

O

OH

O
NH2

1) (ClCO)2

N

N

Ir

N

CF3

CF3

F

F

F

F

N

N

H
N

O

N
H

O

3) CH5COCl

HN

O

Ph

N
H

Ph

O

Ph N

O

O
N

O

O

N

O

N

O

O

Ph

O

PS-Ir (1.5 mol%)

Acetone (0.1 M),
6W blued LEDs

PS-Ir

 
Figure 1-15. A. Functionalisation of (aminomethyl)polystyrene beads with Ir catalyst (PS-Ir).  
B. N-cinnamoyl picolinamide dearomatisation reaction employed for the estimation of catalyst 
recycling ability and correspondent NMR yields for the ten cycles. Adapted with permission from 
ref 68. Copyright 2019 Elsevier. 

The amine groups of aminomethyl PS resin and the acyl chloride derivative of the Ir 

catalyst were coupled in CH2Cl2 under air ( figure 1-15, top). The remaining free amino 

groups on the beads were capped by the formation of an amide bond with an excess of 

benzoyl chloride. A photocatalyst loading of 1.7×10-4 mmol/mg was quantified by 1H 

NMR spectroscopy analysing the amount of Ir precursor that remained in solution after 

A 
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the anchoring protocol. 

The Ir-functionalised beads afforded consistent high conversion even after ten cycles 

(93%) when employed in consecutive dearomatisation reactions of N-cinnamoyl 

picolinamide employing each time new batches of reactants. Moreover, sequential gram 

scale reactions of different substrates were performed using each time the same recycled 

photocatalyst batch and yields higher than 70% were obtained after four different cycles 

(figure 1-16).  

 

Figure 1-16. Sequential gram scale reactions with the recycling of the Ir-immobilised beads. 
Adapted with permission from ref 68. Copyright 2019 Elsevier. 

Nevertheless, total reflection X-ray fluorescence (TXRF) analysis conducted after a 

single photoreaction quantified the leaking of Ir of around 2.9%, corresponding to a 

photocatalyst concentration in solution of 0.04 % mol with respect to the reactant. Since 

the reactions are reported to be catalysed by the solubilised dye in solution too, it could 

not be excluded that the leaked catalyst did not contribute to the product formation. 

Following Stephenson’s initial report on the use of an Ir-based photocatalyst for the 

oxidative aza-Henry reactions of N-aryl tetrahydroisoquinolines in solution,[69] Yoo et al. 

immobilised a derivative of [Ir(ppy)2(dtbbpy)]PF6 in a polyacrylate matrix (figure 

1-17).[70] The system was employed for visible light-mediated cross-dehydrogenative 

coupling (CDC) reactions of N-aryl tetrahydroisoquinolines with various P–H 

nucleophiles. The material was obtained by copolymerisation of ethyl methacrylate 

dimers, phenyl methacrylate and vinyl-functionalised [Ir(ppy)2(dtbbpy)]PF6. The loading 

was estimated by ICP-MS at around 0.04 mmol/g.  
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Figure 1-17. Synthesis of polymer-supported iridium catalyst (Pol-Ir) by copolymerisation with 
dye-free monomers. See ref 70. 

Several N-aryltetrahydroisoquinolines and phosphines with different aryl groups on the 

nitrogen atom and the groups attached to the phosphine were tested (figure 1-18). 

 

 

Figure 1-18. Scheme of the Aza-Henry reaction carried out using Ir catalyst anchored beads (Pol-
Ir). See ref 70. 

Recyclability of up to four cycles was afforded when the reaction with Ar = Ph and  

R = OEt was tested. To prevent Ir leaking in solution, an additional polymerisation with 

free monomer was performed on the surface of Pol-Ir, effectively reducing the Ir leaking 

in solution from 1% to 0.3 % mol. 

Dye-immobilised heterogeneous materials have been used not only in photoredox 

catalysis but even in photoinitiated polymerisations. In particular, a modified 

[Ru(bpy)3]2+ complex was anchored to polyisobutylene (PIB) and employed for the free 

radical polymerisation of acrylate monomers, while a Cu(I) pyridylmethanimine catalyst 

was loaded to PS or SiO2 and employed for the atom transfer polymerisation of methyl 

methacrylate.[71,72] In both cases, the author suggested that the catalysts could be easily 

recollected and recycled for new polymerisations. 

The formation of a solid active interface could be obtained even without the presence of 

a polymeric matrix, forming insoluble active materials as metal-organic frameworks 

(MOFs), covalent organic frameworks (COFs), or porous coordination polymers 

(PCP)s.[73] For example, the Lin group reported several synthetic pathways to obtain 
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different PCPs structures incorporating Ru, Ir and Os complexes which were exploited as 

heterogeneous photocatalysts for aza-Henry reactions, aerobic amine coupling, and 

dehalogenation of benzyl bromoacetate (figure 1-19).[74–76] In the case of the aza-henry 

reaction (figure 1-19, B), consistent yields higher than 95% were reported up to 4 cycles 

when Ru-CP was employed as a photocatalyst.[73]  
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Figure 1-19. A. Different PCPs used as photocatalysts by the Li group for the photocatalytic 
aza-Henry reaction. B. Aza-Henry reaction tested for the recycling studies. See ref 73.  

In the next section, the properties of the liquid/liquid interfaces between immiscible 

solutions and their use to allow efficient photoactivated processes are discussed. 

 Liquid/liquid Interface 

When immiscible solvents are mixed, phase separation occurs with the formation of a 

liquid interface separating the phases. While the solutes in the different phases cannot 

interact with each other in the respective bulk solutions, chemical processes can take place 

in proximity and across the liquid/liquid interface. The selective solubility of the species 

in the different liquids can favour the separation of the products and ease the purification 

steps in chemical process. Therefore, several biphasic liquid systems have been designed 

to exploit the enhanced compartmentalisation properties compared to homogeneous 

solutions.[77] Conversely to the solid/liquid case, biphasic liquid systems could be 

designed to merge in one phase upon heating (see chapter 4). This principle has been 

widely studied by Horváth and co-workers for dual-phase catalysis, where biphasic 

A 
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organic/fluorinated systems containing catalysts soluble in fluorinated phase and 

reactants soluble in the organic were homogenised upon increasing the temperature, 

allowing the reaction to take place.[78,79]  After the reaction, the systems were cooled 

down, achieving direct separation between reactants and catalysts.  

The liquid/liquid boundary can favour a PET across the phases while hindering the back-

ET. However, the use of non-polarised two-phase liquid/liquid systems to achieve 

photoredox transformations has not been extensively reported in the literature, and a 

precise definition of the morphology and thickness of the interface at the molecular level 

has still not been achieved.[80] On the other hand, the possibility to allow electron, ion and 

proton transfers at the ITIES (interface between two immiscible electrolyte solutions) 

have been widely studied by the groups of Fermìn and Girault.[81–85]  

In the next section, the discussion will focus on the observation and analysis of the PET 

and non-covalent recognition across the non-polarised liquid/liquid interfaces (section 

1.5.1) and on how these processes could be exploited for photoinduced chemical 

transformation (section 1.5.2).  

1.5.1 Molecular interactions at the non-polarised liquid/liquid interfaces 

The development of the studies on the photoinduced chemical processes that could take 

place across the liquid interface between species segregated in two different phases of a 

liquid biphasic system closely followed the advancement of spectroscopic techniques 

(e.g., second-harmonic generation spectroscopy (SHG),ii total internal reflectance (TIR)) 

able to discriminate between light-induced processes happening in bulk or the proximity 

of the interface.[86–88] The study of these types of systems often employed customised 

instrumentation, and this could have led to a reduced amount of experimental works on 

the topic.[89] This section is focused on the works dealing with the study of PET and non-

covalent interactions across the interface of non-polarised biphasic liquid solutions. 

The first evidence of the presence of molecular interactions at the liquid/liquid interfaces 

was reported by Grubbt and co-workers who showed, using SHG spectroscopy, that the 

molecular orientation of the water-soluble 1-dodecyl-naphthalene-4-sulfonate surfactant 

could be influenced by the type of solvent interfaced with H2O.[90] The same technique 

 
ii SHG is a nonlinear optical technique probing a second-order nonlinear susceptibility which can be 
observed only in non-centrosymmetric environments. Therefore, it vanishes in the bulk phase while it is 
present at the interfaces. 
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was used to induce a PET across the H2O/DCE interface between the DCE soluble 

[Ru(bpy)3]2+ and the water-soluble ferrocene derivative (trans-1-ferrocenyl-2-[4-

(trimethylammonio)phenyl]ethylene tetraphenylborate) (figure 1-20, A.).[91]  

  

Figure 1-20. A. Scheme of the H2O/DCE system for the PET at the interface between [Ru(bpy)3]2+ 

and ferrocene derivative. B. SHG intensity as a function of time with (ON) and without (OFF) 
light excitation (exc = 488 nm). The increase in the intensity is related to the formation of the 
oxidised ferrocene derivative by PET at the interface. Adapted with permission from ref 91. 
Copyright 1993 American Chemical Society. 

By switching ON and OFF the light excitation (exc = 488 nm), an increase of the SHG 

signal was attributed to the resonant enhancement of the second-order polarizability due 

to the oxidised ferrocene derivative formed by ET with the [Ru(bpy)3]2+ (figure 1-20, B). 

Since the SHG signal can be detected only close to the interface, it was concluded that 

the oxidised species must be formed at the interface, but no time-resolved data were 

provided to compare the behaviour between bulk and interface processes.  Eisenthal and 

co-workers analysed the PET occurring across the liquid/liquid interface between an 

aqueous solution of the coumarin 314 (C314) dye as electron acceptor and 

dimethylaniline (DMA) as the donor molecule, which in addition is one of the solvents 

composing the interface.[92,93] In this way, the distance between donor and acceptor was 

minimised, eliminating translational diffusion from the ET kinetics. Interfacial tension 

measurements allowed the estimation of a C314 concentration at the interface of ∼1013 

molecules/cm2. The calculated rate of PET was faster at the interface compared to the one 

of a similar coumarin dye (C153) solubilised in bulk DMA (16±2 ps at the DMA/H2O 

interface compared to 25 ps for C153 in bulk DMA).[94] Also, a back-ET time constant at 

the interface of 163±4 ps was reported (figure 1-21).  

A B 
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Figure 1-21. A. C314 absorption spectra in a DMA solution (blue), H2O (red), and SHG 
spectrum at H2O/DMA interface (green dots and black fitting). B. Decay of the CS state at the 
H2O/DMA interface between C314 and DMA measured by SHG. Adapted with permission from 
refs 92 and 93. Copyright 2006 American Chemical Society and 2012 Elsevier. 

The faster rate for PET across the interface was attributed to two different reasons. Firstly, 

to the lower polarity in the proximity of the interface compared to that of bulk DMA, as 

supported by the blue shift of the SHG spectrum of C314 at the H2O/DMA interface 

compared to the absorption spectrum in bulk DMA or H2O (figure 1-21, A); secondly, to 

the lower free organisation energy of the interface due to the fewer DMA molecules 

surrounding the C314 molecules.[95] 

The formation of molecular recognition at the liquid/liquid interface was analysed 

between aqueous soluble alkali metals cations and organic soluble crown ethers using 

different electrochemical and spectroscopical techniques.[96–98] In particular, by SHG 

spectroscopy, it was possible to observe the molecular recognition and complexation at 

the H2O/heptane interface between the heptane-soluble [2-hydroxy-5-(4-

nitrophenylazo)phenyl]-methyl-15-crown-5 and alkali cations in aqueous phase.[98] Also, 

it was found that the orientation of the crown ether-alkali cation complexes at the interface 

is different depending on the complexed cation. The red shift of the SHG spectra for the 

crown ether revealed that the heptane/water interface provided an intermediate polarity 

compared to the two solvents.[99]  

On the other hand, hydrogen bonding recognition across the interface was reported 

between the water-soluble EB and several hydrocarbons at the H2O/dodecane and 

H2O/dodecanol interfaces.[100] EB is known to follow a bond-assisted deactivation of the 

excited state in H2O, which is reducing its fluorescence lifetime.[101] The increased 

fluorescence lifetime of EB at the interface (> 1 ns) of the biphasic systems compared to 

that in a homogeneous H2O solution (few ps) suggested that hydrogen bonding 

interactions between EB and H2O molecules at the interface were established, even 
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though less efficiently than in bulk H2O.  

Also, the formation of a triple hydrogen bonding interaction was reported among 

riboflavin (RF) and diamino-5-triazin (DTT) across the CCl4/H2O interface, the former 

soluble in H2O and the latter in CCl4, using total internal reflectance (TIR) spectroscopy 

(figure 1-22).[102] It was observed that the rotational reorientation time of RF at the 

CCl4/H2O interface in the presence of DTT in the CCl4 was longer (670-750 ps) than the 

one reported without DTT (210 ps). The slower rotational reorientation time was assigned 

to the presence of the RF-DDT hydrogen bond-aided complex at the H2O/CCl4 interface, 

which is slowing down the rotation speed.[103,104] It was envisaged that the reduced 

polarity at the interface strengthened the hydrogen bond compared to homogeneous H2O 

solution,[105] but no association constant was provided. 
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Figure 1-22. A. Scheme of the RF-DTT system at the H2O/CCl4 interface; B. Anisotropy decay 
curves of RF at an H2O/CCl4 interface observed under the TIR conditions without (a) and 
presence (b) of DTT (1.0×10-4 M) in the CCl4 phase. Adapted with permission from ref 103. 
Copyright 2003 American Chemical Society. 

Besides, the reduced polarity and solvation in the proximity of the liquid/liquid interface 

have been used as a model for understanding non-covalent interactions in biological 

systems, where molecular recognition proceeds in aqueous solutions across cells and 

lipophilic proteins.[106,107] 

1.5.2 Photoinduced transformation at the liquid/liquid interface 

Several systems were designed to exploit the favoured PET at the liquid/liquid interface 

along with the compartmentalisation of the different species to enhance the efficiency of 

photoactivated processes compared to homogeneous solutions. 

A bio-inspired biphasic octane/H2O system was proposed for the O2 evolution by Volkov 

and co-workers.[108] The system exploited the formation of oligomers of chlorophyll a at 

A B 
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the liquid/liquid interface, which were able to complex H2O molecules and achieve 

photoproduction of O2 by multistep 4-electron oxidation.  

A system able to mimic photosynthetic membranes, compartmentalising the oxidised and 

reduced species involved in the process was reported by Wilner et al.[24] An H2O-in-

toluene microemulsion stabilised by the cation of benzylnicotinamide (BNA+) allowed 

the oxidation of the water-soluble EDTA by [Ru(bpy)3]3+, generated after the 

photoreduction of BNA+ at the micellar interface (figure 1-23, A). Upon reduction, BNA 

could diffuse in the bulk toluene solution and afford the reduction of 4-

dimethylaminoazobenzene (figure 1-23, dye). The kinetics of the reaction was monitored 

following the disappearance of absorption of the dye at λabs = 402 nm ( = 22000 mol-

1cm-1) upon reduction from BNA. An 80% yield of dye reduction after 4 mins (figure 

1-23, B) was reported. 

 

Figure 1-23. A. Scheme of the H2O-in-toluene microemulsion: Ru2+ = Ru(bpy)3
2+; BNA = 

benzylnicotinamide; Dye = 4-dimethylaminoazobenzene. B. Reaction kinetic followed by the dye 
absorption at abs = 402 nm ( = 22000 mol-1cm-1) vs time of irradiation (min). See ref 24. 

The concentration of [Ru(bpy)3]2+ was unchanged at the end of the reaction, and the initial 

mol ratio of 5/1 between the dye and  [Ru(bpy)3]2+ confirmed the catalytic role of 

[Ru(bpy)3]2+. It is worth noticing that no product formation was detected when the 

reaction was conducted without [Ru(bpy)3]2+, BNA or the dye.  

Methylene blue (MB) was employed as a photosensitiser for the decarboxylation of a 

series of 2-allylaryloxyacetic acids and N-phenylglycine in an H2O/benzene 

system.[109,110] It was suggested that upon light excitation, the excited water-soluble 3MB* 



Chapter 1 

Cardiff University 28 School of Chemistry 

was able to trigger the photoreduction across the liquid/liquid interface with the 

correspondent acid in benzene, followed by a proton exchange to maintain the charge 

balance. The generated radicals would then undergo decarboxylation with the formation 

of CO2. None of the acids used in the study underwent light-induced decarboxylation in 

the presence of MB in homogenous ACN solution. This was attributed to rapid back-ET 

r from 3MB* to the oxidised acid, which will prevent the formation of a stable radical and 

following decarboxylation.[109] Flash photolysis studies were performed to rule out the 

possibility that the reaction could take place due to partial solubilisation of the acids in 

the MB aqueous phase. A reverse micelle H2O/C6H6 system stabilised by Aerosol-OT® 

surfactant, which does not allow the diffusion of the acids within the H2O micelles was 

investigated. The Stern-Volmer analysis showed the quenching of  3MB* within the 

micelles by PET with the C6H6 soluble 2-allylphenoxyacetic acid with a quenching rate 

constant of kq(2-allylphenoxyacetic) = 9.7×107 M-1s-1, compared to 1×108 M-1s-1 reported 

in homogeneous solution. The slightly reduced rate compared to the quenching in the 

homogeneous medium was attributed to the enhanced micro viscosity of the micellar 

medium. The authors suggested that the liquid/liquid interface could slow down back-ET, 

allowing higher product yield. The lower yield of decarboxylation (24%) reported for the 

most H2O-soluble acid (phenoxyacetic acid),[111] compared to 2-allylphenoxyacetic acid 

(86%) corroborated this hypothesis. In this case, a higher quantity of substrate reacted 

with MB within the homogeneous aqueous phase, but the back-ET was not avoided, 

hindering the formation of products.  
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2 Aim and outline of the dissertation 

The design of systems employing liquid/liquid and solid/liquid interfaces for  

chemical processes dates back to 1970, but only recently protocols have been developed 

for their exploitation in photoredox transformations. The reported works focused just on 

few aspects of the entire process, such as the anchoring of the compounds to the solid 

scaffold, the effect on the reaction yields upon heterogenisation or the study of PET. 

However, protocols including the complete characterisation of such systems and 

comparison to the relative cases in homogeneous solution are still lacking. 

The aim of this work is the development of heterogeneous systems exploiting solid/liquid 

and biphasic liquid/liquid interfaces between immiscible solutions to increase the 

efficiencies of photoredox transformations and to extend the applicability, photostability 

and recyclability of organic photocatalysts compared to homogeneous solutions. Peri-

xanthenoxanthene (PXX) derivatives were selected as photoactive materials for the 

studies since they show fascinating photoreducing properties and chemical reactivity, 

which allow easy structural functionalisation. Their structures were tailored to allow 

precise solvent-specific solubility and anchoring to solid supports. Particular attention 

was paid to the analysis of the modifications of the photoredox properties of the dyes 

arising from their heterogenisation.  

Therefore, the objectives of the thesis are: 1) to assess the changes of the photophysical 

and electrochemical properties of PXX derivatives consequent to the elongation of the 

aromatic core and heavy-atom doping by spectroscopic, electrochemical and theoretical 

methods; 2) to synthesise and immobilise novel PXX derivatives on polymeric scaffolds, 

evaluate the nature of the anchoring, analyse the photophysical properties of the formed 

materials and compare their photocatalytic activity in debromination reactions when 

solubilised in solution or anchored to the solid; 3) to develop a microfluidic packed-bed 

reactor and test the photoredox properties of the dye-functionalised material within this 

system; 4) to design a system exploiting biphasic fluorous/organic system for efficient 

PET across the liquid/liquid interface. 

Accordingly, the work is organised into three chapters (figure 1-24). Chapter 2 deals with 

the study of the photoredox characteristic of PXX derivatives upon heavy-atom doping 

and aromatic structure elongation. Chapter 3 discusses the use of polymeric supports (PS, 

PDMS) and novel PXX derivatives to assemble photoactive materials that could be 



Chapter 1 

Cardiff University 30 School of Chemistry 

exploited for photoredox transformations, both dispersed in bulk solution and within 

microfluidic chips (part of the project was carried out during a 2-month secondment in 

Elvesys, Paris, in collaboration with Alex McMillan and Dr Sasha Cai Lesher-Pérez). 

Chapter 4 reports the design of a novel system that exploits the liquid/liquid interface 

between fluorous and organic solvents to achieve efficient PET across the liquid boundary 

between immiscible liquid solutions. 

 

Figure 1-24. Outline of the thesis. Chapter 2 deals with the analysis of the photophysical and 
electrochemical properties effects upon structural modification in PXX derivatives in 
homogeneous systems. Chapter 3 and chapter 4 deal with heterogeneous systems exploiting 
solid/liquid and liquid/liquid interfaces for efficient photoactivated processes, respectively.  
A = electron acceptor, B = electron donor. 
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Chapter 2 

 

2 Tailoring of the photoredox properties of PXX derivatives 

upon structural modification 

 
The last decade has seen increasing efforts in the development of environmentally 

sustainable chemical processes energetically more efficient and with a reduced amount 

of waste produced.[112,113] This trend fostered a renewal of interest for photoactivated 

reactions, where light was employed as a reactant to induce chemical  

transformations.[114–117] Excited dyes can trigger chemical transformations that otherwise 

would require harsher conditions to take place.[3] By absorption of visible light, electrons 

are promoted to higher energetic orbitals, generating new chemical species that possess 

better oxidating and reducing properties than their counterparts in the ground state.[14] 

Since each type of reaction requires dyes with peculiar properties, more work was devoted 

to the analysis of the photophysical and electrochemical properties of molecules. It 

followed that several classes of known compounds, already studied for different purposes, 

revealed to be able to promote photoredox transformations.[118] In the past decades, most 

of the photophysical studies were focused on metal complexes, due to their outstanding 

light absorption properties, facility of synthesis, chemical stability and rich 

electrochemical properties.[119] For example, [Ru(bpy)3]2+ and similar polypyridyl 

derivatives were deeply studied during the 80s and employed for dye sensitised solar cells 

(DSCs), water splitting systems and as components for articulate supramolecular 

machines.[120–122] Nevertheless, only recently [Ru(bpy3)]2+ and its derivatives have been 

applied as efficient photocatalysts for chemical transformations.[123] In the last years, 

pushed by the demand for novel sustainable technologies, the research is aimed toward 

the use of full-organic dyes since they are often cheaper, less toxic and polluting 

compared to heavy metal coordination complexes.[17] 

Peri-xanthenoxanthene (PXX), the oxygen-doped congener of anthanthrene where 

oxygen atoms replace carbon atoms at positions 6 and 12, followed the same trend of 

noble metal complexes. The first synthesis of PXX was reported by Pummerer in 
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1914.[124,125] Thereafter, only a few studies about the electrochemical properties,[126–128] 

crystal structure and polarisation properties in gas phase[129,130] were reported. Then, due 

to the increased interest in organic electronics, in 2009  PXX derivatives were used, 

thanks to their charge injection properties (HOMO energy lies at -5.1 eV vs vacuum 

energy),[131] easy processability and chemical inertness as p-type semiconductors in 

organic thin-film transistors[132] or inserted into conducting polymers.[133] In the same 

years, more convenient methodologies for the synthesis of PXX derivatives were 

reported.[134–136] Our group has since then been focused on the synthesis and 

characterisation of PXX derivatives and the possibility of rationally tailoring the energy 

band gap between frontier orbitals by precise structural modifications, a crucial parameter 

for the applications in optoelectronics.[137,138] It is not a wonder that the peculiar 

photoredox properties of PXX (see section 2.2) and the low cost compared to inorganic 

complexes triggered its use as photocatalyst in photoredox transformations.[139,140] For 

example, it was demonstrated how by insertion of electron-withdrawing (EWGs) imide 

groups to PXX, it is possible to shift the frontier orbital energy levels, tuning the redox 

properties of their excited states (section 2.1).[141] 

Inspired by the research on the band gap tuning in PXX derivatives, this chapter will 

extensively discuss the effects of further structural modifications on the photophysical 

and electrochemical properties. The conclusions will serve as a starting point for 

synthesising molecular dyes with tailored properties that can trigger specific 

photochemical transformations. In particular, section 2.1 reports an introduction on PXX 

derivatives and on their application in light-mediated chemical transformations;iii section 

2.2 analyses the tuning of the energy band gap upon the extension of the -molecular 

surface, and section 2.3 investigates the influence of heteroatom-doping and heteroatom 

oxidations on the energetic characteristic of the PXX derivatives. The general scheme of 

the chapter is reported in figure 2-1. 

 
iii This section is a literature introduction to the properties of PXX and PXX derivatives, and their 
application in photoredox transformations. I contributed to the publication in reference 136 with the 
transient spectroscopy measurements and quenching studies of the triples state of the PXX derivatives. The 
project was developed in collaboration with Dr Joseph Beames, at Cardiff university. 
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Figure 2-1. Outline of the topic discussed in chapter 2. A. Effect of the extension of the -core 
on the energy band gap from naphthol 2-1 to zig-zag edge nanoribbon 2-3 (section 2.2). B. Effect 
of the S-doping and progressive sulphur oxidation on the frontier orbitals band gap of PXX 
derivatives (section 2.3). 
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 Photoredox properties of PXX and its imide derivatives 

The absorption and emission spectra of PXX, together with fluorescence lifetime () and 

photoluminescence quantum yield () are reported in figure 2-2. 

 

Figure 2-2. Absorption and emission (exc = 372 nm) spectra of PXX in a CH2Cl2 aerated solution 
at rt. Values of  and  are taken from ref 139. 

The compound shows a structured absorption and a lowest energy band with a maximum 

at abs = 443 nm ( = 17300 M-1cm-1[139] - 19300 M-1cm-1[142]). The main vibronic structure 

could be deconvolved in two overlapping series of low- and medium-frequency modes, 

with reduced solvatochromism.[142] The narrow Stokes' shift (em = 450 nm in CH2Cl2), 

along with the high quantum yield (= 0.62 in aerated CH2Cl2,  = 5.0 ns) make PXX a 

good light emitter in the blue region, highlighting reduced geometry reorganisation at the 

excited state. The electrochemical data report reversible oxidation (+0.70 V vs SCE) and 

reduction (-2.16 V vs SCE) in CH3CN (figure 2-3). 

 

Figure 2-3. CV of PXX in CH3CN at rt, scan rate 0.05 V/s. Ferrocene is used as internal reference: 
E(Fc+/0) = 0.395 V vs SCE. Adapted from ref 139. 

  = 5.0 ns 
 = 0.62 
kf = 9×107 s-1 
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The presence of both a low oxidation potential (+0.70 V vs SCE in CH3CN) and the 

lowest energy absorption band at max = 439 nm make PXX an interesting reductant at 

the excited state,[143] with a photooxidation potential of E1/2(PXX+/*PXX) =  

-2.00 V vs SCE. The photoredox potentials estimate the tendency of an excited molecule 

toward oxidation and reduction and they are an essential parameter to evaluate the 

capability to act in light-mediated transformations. The comparison between the 

photoredox potentials for PXX and several already known photocatalysts is reported in 

figure 2-4.  

 

Figure 2-4. HOMO and LUMO energy levels of PXX (black), PXXMI (green), PXXDI (blue), 
PDI-di-phenyl (brown),[144] [Ru(bpy)3]2+ (light blue),[123] [fac-Ir(ppy)3] (red)[123] in CH3CN (except 
for PXXDI and PDI-diphenyl that were estimated in CH2Cl2 and CH3CN/CHCl3, respectively). 
Dashed lines: oxidation (M+/M*) and reduction (M*/M-) potentials of the excited states. 

The possibility to modify the energy band gap of PXX derivatives by structural 

modification was initially tested with the addition of electron-withdrawing groups 

(EWGs) to the pseudo-peri-positions of PXX. Derivatives bearing one (PXXMI) or two 

(PXXDI) EWG imide groups have been then synthesised and their photoredox properties 

studied (figure 2-5).[139,145]  
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Figure 2-5. Chemical structure for PXXMI and PXXDI. 

The photophysical data for both PXXMI and PXXDI molecules (figure 2-6 and table 

2-1) show red-shifted absorption bands in the green region (max = 525 nm and 538 nm in 

CH2Cl2, respectively) compared to PXX. 

 

 

Figure 2-6. Normalised absorption spectra (A) and normalised emission spectra (B) of PXX 
(dotted line, λexc = 410 nm), PXXMI (solid line, λexc = 490 nm) and PXXDI (dashed line, 
 λexc = 470 nm) in air equilibrated CH3CN at rt. Adapted from ref 139.  

Table 2-1. Photophysical data for PXXMI and PXXDI in CH2Cl2 at rt. 

 Absorption Emission   

Molecule 
max (nm) 

( [M-1cm-1]) 
max (nm) 

 
 (ns) 


 kf (s-1) [a] knr (s-1) [b] 

PXX 443(17300) 450 5.0 0.62 1.24×108 7.60×107 

PXXMI 525 (17800) 564 9.2 0.68 7.39×107 3.48×107 

PXXDI 538 (43500) 548 3.2 0.39 1.22×108 1.91×108 
[a] kf =  (ns)[b]knr = [1 (ns)] - kf 

 

While the optical band gap (E00) of PXXMI and PXXDI is consistent (E00 = 0.13 eV), 

the absorption and emission spectra of PXXDI are more structured. The emission 

energies of the two derivatives are similar (E max(eV) = 60 meV), but PXXMI shows 

longer-lasting and more intense luminescence than PXXMI. It could be suggested that 

B A 
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the presence of a second alkylic chain in PXXDI increased the number of possible 

relaxation pathways compared to PXXMI. This could lead to a faster and less intense 

emission. The redox potentials, assessed by cyclic voltammetry (CV), provide a more 

oxidative character for the imides derivative (E1/2
red,1 = -1.31 V and -1.01 V for PXXMI 

and PXXDI in CH2Cl2, respectively), with a decrease of the reductive capacity (E1/2
ox= 

1.10 V and 1.41 V in CH2Cl2, respectively) compared to pristine PXX (table 2-2).[133] 

Table 2-2. Electrochemical data for molecule PXXMI and PXXDI.[a] 

  Oxidation Reduction 
Molecule Solvent E1/2

ox,1 E1/2
red,1 E1/2

red,2 
PXX CH3CN 0.77 (87) -2.16 (75) -2.40 

PXXMI CH3CN 1.04 (74) -1.25 (65) - 
PXXMI CH2Cl2 1.10 (67) -1.31 (60) - 
PXXDI CH2Cl2 1.41 (80) -1.01 (110) -1.19 (92) 

[a] Halfwave potentials in V vs SCE; peak separations (in mV) are indicated in parentheses. 

 

The graph in figure 2-4 reports the position on the energy scale (vs SCE, see chapter 5) 

of the HOMO and LUMO orbitals (solid lines), the E(HOMO-LUMO) and the 

photoredox potential (dashed lines) of PXX, PXXMI and PXXDI compared to the 

widely used photocatalysts [Ir(ppy)3] and [Ru(bpy)3]2+. The data were extrapolated from 

the optical energy band and the redox potentials of each compound. It is clear how the 

presence of EWGs shrank the band gap and provided a more oxidising tendency 

compared to PXX by shifting the HOMO orbital to more positive potentials, but a minor 

difference was detected if one or two EWGs were present in the molecule. On the other 

hand, PXX possesses a stronger ability as a photoreducing agent with respect to the triplet 

states of the widely studied photocatalyst fac-[Ir(ppy)3],[146–148] while the photooxidation 

potentials of PXXMI and PXXDI are higher than the one of [Ru(bpy)3]2+ (0.93 V and 

1.25 V vs 0.77 V, respectively). In addition, the reduction potential for excited PXXDI 

resembles the one of perylene bis imide (PDI) (1.80 V), a widely reported oxidant at the 

excited state.[149] 

The ability of PXX, PXXMI and PXXDI to induce photoredox transformation was tested 

in the photo dehalogenation reactions of several electron-poor aryl and alkyl bromides 

and chlorides (figure 2-7).[139] The reduction potentials for the substrates employed for 

the dehalogenation reactions are reported in table 2-3. 
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Figure 2-7. Photoredox dehalogenations reaction using PXX (irr = 460 nm), PXXMI  
(irr = 520 nm) or PXXDI (irr = 520 nm) as photocatalysts. Conversions determined by GC-MS 
analysis. See ref 139. 

Table 2-3. Reduction potentials vs SCE in CH3CN for the substrates employed in the 
dehalogenation reactions shown in figure 2-7. 

Molecule ERed
[a] 

α -Bromoacetophenone[150] -0.49 V 

p-Bromoacetophenone (4BrAP)[151] -1.89 V 

p-Bromobenzaldehyde[152] -1.88 V 

o-Bromoacetophenone[153] -1.84 V[b] 

α-Bromocinnamaldehyde[154] -1.1 V[c] 

Diethyl bromomalonate[151] -0.62 V 

Diethyl chloromalonate / [e] 

m-Bromoacetophenone[155] -1.19 V[a,d] 

[a] Irreversible reductions. Ep/2 or Epeak are reported. For details see references; [b] DMF; [c] vs 
Ag/AgCl; MeOH. Supporting electrolyte: NaClO4; [d] vs Ag/AgBr. Supporting electrolyte: 
(NEt4)Br. [e] To our knowledge, no value is reported in the literature. 

 

The reactions provided varying conversion efficiency when different photocatalysts were 

employed. The reaction mechanisms were investigated by fluorescence quenching, EPR 

and transient spectroscopy. Two different reaction pathways, one followed by the PXX 

and one by the imide derivatives were proposed. A photoreductive mechanism was 

proposed for PXX (figure 2-8). After light excitation, PXX directly reduces the 

halogenated substrate to its anion with subsequent cleavage of the C-Br, forming bromide 
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and the aryl radical. PXX is restored by reduction from DIPEA, which is then prone to 

react with the aryl radical in a hydrogen atom transfer (HAT) process, delivering the 

desired product. The formation of the aryl radical species was confirmed by EPR 

measures in the presence of a radical trap (N-tert-butyl-α-phenylnitrone, PBN), able to 

extract the radicals from the reaction.[139] 

 

Figure 2-8. Suggested mechanism for the PXX photocatalysed debromination of 4’-
bromoacetophenone in the presence of DIPEA. See ref 139. 

On the other hand, the fluorescence quenching measurements showed a lower ability 

(three orders of magnitude) of 4BrA to quench the excited state of PXXMI and PXXDI 

compared to DIPEA. This result suggested that, in contrast with the PXX case, the first 

step after the light excitation is the photoreduction of PXXMI and PXXDI by a PET with 

DIPEA, forming an amino radical cation (figure 2-9). The reduced imide derivatives 

PXXMI- and PXXDI- can reduce the aryl bromine to its radical anion, that after C-Br 

bond cleavage generates a bromide anion and an aryl radical. At this point, the aryl radical 

could get hydrogenated in a HAT reaction with the radical cation of the DIPEA or initiates 

a radical chain reaction with DIPEA molecules. In the latter case, a HAT reaction between 

a DIPEA molecule and aryl radical generates the desired product and the DIPEA radical, 

which could directly dehalogenate a new molecule of aryl bromide providing a new aryl 

radical that could propagate the chain reaction (figure 2-10).  
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Figure 2-9. Suggested mechanism for the PXXMI photocatalysed debromination of 4BrAP in 
the presence of DIPEA (the same mechanism was suggested for PXXDI). See ref 139. 

 

Figure 2-10. Chain reaction mechanism leading to the formation of acetophenone. See ref 139. 

The radical chain mechanism was suggested by the high reactivity of the aromatic radical, 

which is known to be a strong reductant.[156] The alkyl radical could, in turn, directly 

reduce the 4BrAP, initiating a radical chain (figure 2-10). This mechanism was excluded 

in the case of PXX since the polar solvents in which the reaction was carried out tend to 

stabilise the ketyl radical. The encounter of two aromatic acetophenone radicals with the 

formation of acetophenone dimers was not analysed and cannot be excluded. 
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Nevertheless, the higher DIPEA concentration (4×10-1 M) compared to 4BrAP  

(5×10-2 M) should prevent this type of reactivity. 

The different absorption properties of PXX and PXXMI, together with the orthogonal 

reactivity toward different substrates, allowed the one-pot consecutive and 

chemoselective 2-stage debromination of 2,4'-dibromoacetophenone using both PXX and 

PXXMI (figure 2-11).  

Br

O

Br

Br

O OPXXMI
irr = 520 nm

30 h

PXX
irr = 460 nm

44 h
 

Figure 2-11. Photo-triggered one-pot chemoselective dehalogenation in deaerated CH3CN in the 
presence of PXX and PXXMI (5% mol). 

The Stern-Volmer analysis confirmed that, at the given concentrations, just 3% of the 

excited state of PXXMI were quenched by PXX. Since no phosphorescence was detected 

even at 77K, no precise determination of the energy of the excited triplet state was 

achieved, a fundamental parameter to assess whether the triplet state of the PXX 

derivatives was the one involved in the reaction. Nevertheless, the population of the 

excited triplet states for all three PXX derivatives was analysed by transient absorption 

spectroscopy (figure 2-12). The measurements provided an average lifetime of  

ca.  = 35 ms for PXX and  = 50 ms for PXXMI and PXXDI (table 2-4 and figure 5-4). 

 

Figure 2-12. Normalised transient absorption spectra of PXXDI (blue), PXXMI (red) and PXX 
(black) solutions in deaerated C6H6 (around 1×10-5 M). The grey lines indicate OD = 0 in each 
case. For PXXDI and PXXMI: exc = 532 nm; for PXX: exc = 355 nm. Transient absorption 
spectra were recorded 500 ns after photoexcitation. Adapted from ref 139. 

As expected, triplet lifetimes were strongly affected by the presence of dissolved O2, with 

an estimated quenching constant kq(O2) = 3.8×108 M-1s-1 and 3.3×108 M-1s-1 for PXXMI 

and PXXDI, respectively. Even though slow deactivation of the triplet state in the excited 

state was observed, preliminary triplet quenching analysis for PXXMI in the presence of 

DIPEA gave lower (two-orders of magnitude) quenching constants compared to those 
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determined for singlet state quenching, while no significant variations were observed for 

the lifetime of the triplet state of PXXDI (table 2-4). 

Table 2-4. Quenching constant vs DIPEA and 4BrAP for the singlet (1S) and triplet (3T) states of 
PXX, PXXMI and PXXDI. 

 kq(1S) vs DIPEA kq(1S) vs 4BrAP  (3T) kq(3T) vs DIPEA  

Molecule [M-1s-1][a] [M-1s-1][a] [s] [M-1s-1][c] 

PXX 3.5×107 2.7×1010 35[c] - [e] 
PXXMI 4.2×109 2.2×108 57 2.5×106 
PXXDI 5.8×109 [b] 4.5×108[b] 51.5 <105 

[a] Recorded in deaerated CH3CN solution at rt. [b] Recorded in deaerated CH3Cl/CH2Cl2 (1/1, 
v/v). [c] A certain degree of photodegradation was observed under laser excitation at λexc = 355 
nm [d] Recorded in deaerated C6H6

 solution. [e] vs 4BrAP; photodegradation under laser 
excitation at λexc = 355 nm. 

 

The fluorescence quenching data show a more efficient quenching from DIPEA and a 

decrease in quenching rate from 4BrAP moving from PXX to PXXMI and PXXDI. The 

trends confirmed the better photoreducing properties of PXX compared to the imide 

derivatives, since in the suggested reaction mechanisms DIPEA and 4BrAP act as the 

electron donor and electron acceptor, respectively. 

Taking all this information together, it was envisaged that in the tested reaction 

conditions, the triplet excited states of the imide derivatives did not significantly take part 

in the reaction mechanism. Photodegradation upon laser irradiation, along with the 

absorption of 4BrAP, prevented the acquisition of information regarding the activity of 

the excited triplet state of PXX. Recently, building on this benchmark dehalogenation 

reactions, Dilman and co-workers reported the use of PXX as a photoreducer for 

iodofluoromethylation of alkene through (phosphonio)difluoromethyl radical cation.[140] 

The mechanism is similar to the one already reported above. In this work, PXX was used 

to activate the C-I bond through a PET to the substrate that caused the cleavage of an 

iodide and the formation of a (phosphonio)difluoromethyl radical cation, which attacked 

the double bond of the alkene. PXX was then restored by ET from the iodide (in the 

previous example, it was the DIPEA that was restoring the catalyst) and the neutral iodine 

radical formed reacted with the (phosphonio)difluoromethyl radical cation, that after 

hydrolysis generates the desired product (figure 2-13). 
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Figure 2-13. Suggested reaction scheme for iodofluoromethylation of alkene using PXX as a 
photoreducer. Adapted from ref 140.  

These results demonstrated the capability of PXX to rival more expensive inorganic and 

organic photocatalysts and how structural modifications could modify the reactivity and 

the ability to trigger different transformations. Therefore, a deeper understanding of the 

effect of doping and structural modifications on the photophysical and electrochemical 

properties could allow control on the position and extent of the frontier orbitals band gap, 

which will, in turn, allow the triggering of specific chemical reactions.iv 

 
iv During the preparation of this thesis, Pezzetta et al. reported the use of PXX as a photoreducer for the 
addition of organic radicals to reduced organic halides and as a radical trap. Moreover, it was reported the 
used in dual catalysis for β-arylation of cyclic ketone and cross-coupling or aryl halides with amines and 
thiols in the presence of a Ni co-catalyst. To conclude, PXX was employed in the two-step synthesis of 
fluoro-tetrahydro-1H-pyrido[4,3-b]indole.[348] 
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 Tailoring of the frontier orbitals band gap of PXX by extension of 

aromatic -structure v 

 

The extension of the -conjugated backbone represents a way to efficiently contract the 

energy gap between the frontier orbitals in several classes of polyaromatic compounds, 

even though some classes of compounds show a reverse behaviour (e.g., 

cycloparaphenylenes emissions blue-shifts upon extension of the ring dimension).[157–159] 

This behaviour could be rationalised considering the electron in the quantum box model, 

where the spacing between the energy levels decreases by increasing the box dimension. 

As a bigger "quantum box", a more extended -conjugated system increases the electron 

delocalisation and consequently decreases the energy gap.[160] This concept was 

extensively reported for small polycyclic aromatic hydrocarbons (PAHs) such as 

acenes,[161] rylenes[162] and peri-condensed polyarenes (e.g., hexabenzocoronene), 

highlighting bathochromic shift upon increasing of the -system, therefore reducing the 

energy gap between frontiers orbitals (figure 2-14).  

 

Figure 2-14. Left. Structure of naphthalene (NE), perylene (PE), terrylene (TE), quaterylene (QE) 
and pentarylene (PPE) and stacking of correspondent absorption spectra recorded in 1,4-dioxane. 
Adapted with permission from ref 162. Copyright 1990 by VCH Verlagsgesellschaft mbH, 
Germany Right. Frontier orbitals energy gap for polyacenes (x = 2-9) and polyrylenes (x = 2-5) 
as a function of the molecular dimension and correspondent exponential fitting (y=y0 + ae-x). 

Not only the extension of the molecular core but even the topology and structure of the 

edges modifies the properties of extended PAHs. The electronic configuration of the 

 
v The discussion reported in this chapter is based on: Angew. Chem. Int. Ed. 2018, 57, 8942–8946. 

[nm] 
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ground state of PAHs is still controversial[163] but, as a good approximation, compounds 

possessing a zig-zag topology (e.g., acenes, figure2-15, red) usually display open-shell 

systems, while the presence of an armchair periphery provides closed-shell, less reactive 

systems (figure 2-15).[164,165] Following Clar's sextet rule,[166] in the zig-zag case, the 

extension causes a decrease of the delocalisation of the -system that favours the 

formation of diradicals or diradicaloid structures.[167]  

Figure 2-15. Different edges topology in PAHs. Zig-zag topology (red) and armchair (blue). 

The open-shell configuration with unpaired electronic distribution makes the compounds 

more reactive towards oxidation and polymerisation reactions compared to their closed-

shell analogues.[168] Rylenes and peri-condensed polyarenes of different lengths could be 

isolated and show good thermal and chemical stability, while the extension of molecular 

length in the acenes enormously affects their chemical stability and sensitivity to O2.[169] 

Many efforts have been made to increase the stability of derivatives bearing zig-zag 

topologies. The substitution of the carbon edges with heteroatoms, for example, hampered 

the formation of radical structures, and it was found to be a valid approach to prepare 

stable PAHs featuring zig-zag peripheries.[170] Prominent examples include the already 

mentioned PXX. Considering the rich tunability of the photophysical properties of PXX 

derivatives (see section 2.1), the rationalisation of the different electronic properties upon 

extension of the structure would serve as a benchmark for further modifications. In this 

section, the variation of the photophysical, electrochemical and electronic properties upon 

elongation of the -system of PXX up to 4 naphthyl units of a novel oxygen-doped zig-

zag nanoribbon was studied by spectroscopic, electrochemical and computational 

methods (figure 2-16).  

 

Figure 2-16. Scheme of the elongation of naphthol core toward a 4-unit, oxygen-doped pseudo 
zig-zag nanoribbon. Zig-zag topologies are highlighted (red). 
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2.2.1 Results and discussion 

The effect of the elongation of the -system on the molecular charge distribution was 

preliminarily estimated by theoretical calculations on PXX (figure 2-17, A) and two PXX 

derivatives composed of four naphthyl units bearing zig-zag (figure 2-17, B) or 

prevalently armchair (figure 2-17, C) edges, similar to the one already reported by our 

group.[137] The structures were optimised in vacuum (B3LYP/6-31+G**), and the 

geometries obtained were checked by calculating the vibrational frequencies. 

Electrostatic surface potentials (ESPs)[171] were mapped on the van der Waals surface up 

to an electron density of 0.001 electron*Bohr-3 (figure 2-17, bottom). 

 

 

Figure 2-17. Top. Optimised structure for PXX (A) and its derivatives bearing zig-zag (B) and 
armchair (C) peripheries; Bottom. Correspondent ESPs mapped on the vdW surface up to an 
electron density of 0.001 electron*Bohr-3. 

All the optimised structures adopted a flat conformation without geometry distortions. If 

the ESP map for the armchair derivative showed an excess of negative charge distributed 

all around the borders of the molecular plane, the zig-zag topology generated, for both 

the PXX and the extended derivative, a significant charge depletion in the central part of 

the molecule, along with a localisation of the negative charges at the two naphthyl 

peripheries of the molecular surfaces. In both cases, the oxygen atoms, while being the 

lowest potential regions due to their high electronegativity, were surrounded by higher 

potential regions, suggesting just a marginal contribution to the -electron delocalisation. 

These results were in accordance with the already reported behaviour of acenes and 

rylenes. In the former case, upon extension of the  system, the charges got localised at 
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the two ends of the molecule, while in the latter, the electrons were located all around the 

external part of the molecular plane. To corroborate the theoretical findings, Dr Andrey 

Berezin synthesised naphthalene derivative 2-1, PXX derivative 2-2 and the novel oxygen 

doped periacenoacene congener 2-3 where six oxygen atoms replaced the carbon atoms 

at the zig-zag edges (figure 2-18).[172] The addition of xylene moieties was required to 

avoid the molecular stacking and thus increase the otherwise poor solubility of the 

extended ribbon. 

 

Figure 2-18. Chemical structures for compounds 2-1, 2-2 and 2-3. 

Compound 2-3 was synthesised using hydroxy functionalised PXX precursors obtained 

by the hydrolysis of compound 2-2, which were dimerised by oxidative C-C coupling in 

the presence of Cu-TMEDA and then planarised by the formation of pyranopyrano rings 

through an oxidative C-O procedure (figure 2-19).[136] 

 

Figure 2-19. a) Cu-TMEDA (0.1 eq.), CH2Cl2, rt, 5 min, 84%; b) CuCl (0.3 eq.), K2CO3 (2.0 eq.), 
N-methylimidazole (0.6 eq.), 120 °C, 20 h, 17%. 

Crystals suitable for single X-ray diffraction were obtained and the structures were 

resolved by Nicolas Biot, PhD in the Bonifazi Group (figure 2-20). 
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Figure 2-20. Top (top) and side views (bottom) of the X-ray crystal structures of 2-1 (A), 2-2 (B) 
and 2-3 (C) (space groups: P1¯, P21/c, and P21/n, respectively). Crystals were obtained from 
thermal recrystallisation from isopropanol (2-1), pentane (2-2), and toluene (2-3).vi 

In accordance with the calculations, all the derivatives showed a flat structure of the zig-

zag framework, with C-O bonds length varying from 1.383 to 1.416 Å. Edge-to-face 

arrangements, held by C-H··· interactions were observed, while no face-to-face – 

stackings were detected, probably due to the xylyl substituents that adopted a 

perpendicular conformation to the molecular plane, not allowing the proximity of the 

aromatic surfaces. 

UV/vis absorption and emission properties of molecules 2-1, 2-2 and 2-3 were studied in 

THF and are displayed in figure 2-21 and summarised in table 2-4. 

 

Figure 2-21. Absorption (__) and normalized emission (---) spectra of 2-1 (red), 2-2 (black), and 
2-3 (blue) in THF at rt. Inset. a) solutions of 2-1, 2-2 and 2-3 in THF under sunlight and b) excited 
by UV lamp (exc = 254 nm). 

 

 
vi Crystals obtained, resolved and plotted by Nicolas Biot, PhD student in the Bonifazi Group. 

A B C 
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Table 2-5. Photophysical data in THF at rt for 2-1, 2-2, 2-3. 

 Absorption Emission Energy Band Gap 

Molecule 
max (nm) 
 (M-1cm-1) 

max (nm) 
 

 (ns) 


 E00 (eV)[c] ET (eV)[d]

2-1 346 (5 000) 
332 (3 800) 

356 6.5 0.48[c] 3.50 4.40 

2-2 449 (39 000) 
421 (29 500) 
397 (12 900) 

457 5.9 0.67[b] 2.74 3.29 

2-3 523 (23 900) 
486 (19 500) 
457 (11 500) 

540 5.1 0.38[b] 2.34 2.78 

[a]exc = 372 (2-1, 2-2) and 459 nm (2-3). [b]PLQY standard: coumarin153 in aerated EtOH  
( = 0.53).[173] [c]PLQY standard: 9,10-diphenylanthracene in aerated cyclohexane  
( = 0.97±0.03)[174]. [c]Energy calculated at the lowest energy intersection (λint) between 
normalized absorption and emission spectra, E00 [eV] = 1240.5/int. [d]Calculated band gap value 
at the B3LYP/6-31G(d,p) level of theory from gas phase optimized geometry (calculation 
carried out by Nicolas Biot). 

 

All the compounds show a first structured absorption followed by a more intense band in 

the UV region. A progressive redshift was observed with the extension of the -system 

from naphthalene derivative 2-1, displaying the lowest energy absorption in the blue 

region (max = 356 nm) to PXX derivative 2-2 (max = 449 nm) and compound 2-3  

(max = 523 nm). The narrow Stokes shift observed for all the compounds causes the 

luminescence spectra to reflect the same trend with the highest energy emission for 2-3 

(max = 540 nm,  = 0.38) significantly red-shifted with respect to that of 2-2 (max = 457 

nm,  = 0.67) and 2-1 (max = 356 nm,  = 0.48). The emission lifetimes in the 

nanosecond range confirmed that all the emissions were due to fluorescence.[138,139,142] 

The progressive extension of the structure reduced the effect on the HOMO-LUMO 

energy gap. The difference in the optical band gap E00 upon addition of a first 

naphthalene core from 2-1 to 2-2 (E00 = 0.76 eV) were almost two times more relevant 

than the one between 2-2 and 2-3 when two additional naphthalene cores were added 

(E00 = 0.40 eV). The band gap values plotted against the number of naphtalenyl units 

could be fitted by a single exponential function (figure 2-22), validating the same 

“particle-in-a-box” trend reported for polyrylenes and polyacenes (figure 2-14, right). 
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Figure 2-22. Band gap values for 2-1, 2-2 and 2-3 vs the number of naphtalenyl units and 
correspondent single exponential decay fitting (y = y0 + A*e-(x-x0)/t1). 

Absorption spectra recorded at variable temperature for 2-3, from 50 °C to 10 °C in THF, 

did not suggest the formation of aggregates in solution, following the behaviour observed 

in the crystal structure (figure 2-23). 

 

Figure 2-23. Variable temperature absorption spectra in aerated THF for 2-3 from 50°C to 10 °C. 
Spectra have been recorded every 10 °C thermalising the solution for 5 min. 

The redox properties of 2-1, 2-2 and 2-3 were examined using CV and differential pulse 

voltammetry (DPV) in THF. The results are shown in figure 2-24 and summarised in table 

2-6. 

y = 2.25 + 1.25*e-(x-1)/1.12 
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Figure 2-24. CVs and DPVs analysis at rt in THF of A. 2-1 (0.70 mM), B. 2-2 (0.90 mM), C. 2-
3 (0.80 mM). Decamethylferrocene was used as internal standard (E Me10Fc+/ Me10Fc = -0.427 V vs 
Fc+/0), TBAPF6 (0.1mM) as electrolyte, scan rate 0.05 V/s. 

Monoelectronic first oxidations were observed for all the compounds. In addition, a 

second reversible and irreversible oxidation event were reported for 2-2 and 2-3, 

respectively. The reversibility of the redox events was verified by fitting the relative linear 

dependence between anodic or cathodic peak currents and the square root of the scan rate, 

following the Randles−Sevcik equation (figure 2-25).[175]  

 

Figure 2-25. Linear dependence between anodic and cathodic peak currents and (scan rate)1/2 for 
compounds: a) 2-1 (0.90 mM), b) 2-2 (0.80 mM), c) 2-3 (0.70 mM). R2 coefficients 
are reported. Measures performed in THF, and TBAPF6 (0.1 - 0.9 mM) as electrolyte. The 
decamethylferrocenium/decamethylferrocene (Me10Fc+/Me10Fc) redox couple was used as 
internal reference standard (E1/2

Me10Fc+/ Me10Fc = -0.437 vs Fc+/0). 
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Table 2-6. Electrochemical potentials (V) vs Fc+/0 in THF at rt for 2-1, 2-2, 2-3.[a] 

 Oxidation 
Molecule E1/2

ox,1 E1/2
ox,2 *E1/2(M+/M*)[c] 

2-1 0.84 (90) 1.20[b] -2.1 
2-2 0.35 (93) 0.80[b] -1.83 
2-3 -0.06 (70) 0.09 (88) -1.84 

[a]Scan rate 50 mV/s-1. Supporting electrolyte TBAPF6 (0.1 M). Half-wave potentials unless 
otherwise specified. Peak separation in mV is reported in brackets. [b]Irreversible wave. [c] 
Value reported vs Fc+/0. Details in chapter 5. 

 

A progressive shift of the oxidation potentials was observed with the increasing of the -

conjugated backbone from 2-1 (E1/2
ox,1 = 0.84 V) to 2-3 (E1/2

ox,1 = -0.06 V). The difference 

in oxidation potential between 2-1 and 2-2 (E1/2
ox,1 = 0.49 eV) was more pronounced than 

the one between 2-2 to 2-3 (E1/2
ox,1 = 0.41 eV), in accordance with the reduction of the 

optical band gap upon extension of the aromatic surface. Monoelectronic irreversible 

second oxidations for 2-1 (E1/2
ox,2 = 1.20 V) and 2-2 (E1/2

ox,2 = 0.80 V) were observed at a 

considerably higher potential than the second reversible oxidation of 2-3 (E1/2
ox,2 = 0.09 

V). This could be addressed to the stronger electron-rich character of 2-3. No relevant 

reduction waves were detected at any scan rate for any of the compounds. The data 

obtained from electrochemical and photophysical studies allowed us to estimate the 

frontier molecular orbital energies and the excited state oxidation potentials of the 

compounds (figure 2-26). The results provided -4.74 eV (HOMO) and -2.40 eV (LUMO) 

for 2-3, -5.14 eV (HOMO) and -2.41 eV (LUMO) for 2-2 and -5.64 eV (HOMO) and  

-2.14 eV (LUMO) for 2-1.  

  

Figure 2-26. Left. Frontier orbital energies estimated from electrochemical and photophysical 
data for compounds 2-1, 2-2, 2-3 with corresponding HOMO and LUMO profiles calculated at 
the B3LYP/6-31G(d,p) level of theory (Gaussian09).[176] Right. Electrostatic surface potentials 
(ESPs) for a) 2-1,b) 2-2, and c) 2-3 mapped on the vdW surface up to an electron density of 0.001 
electron*Bohr-3. 
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The extension of the molecular -system caused a contraction of the energy gap between 

frontier orbitals, mostly by increasing the HOMO energy level. The LUMO energies 

calculated from the electrochemical oxidation potentials and E00 (table 2-4) lay at the 

same values of the excited state oxidation potentials for the singlet excited states since 

E00 provides the energy of the orbital where an electron is promoted upon excitation, 

which is usually the one involved during the photooxidation process. Once converted vs 

SCE, *E1/2 (M+/*M) = -2.1 V, -1.83 V and -1.84 V for 2-1, 2-2 and 2-3 were obtained, 

respectively (table 2-5). The ESP maps of 2-1, 2-2 and 2-3 were calculated at B3LYP/6- 

31G(d,p) level of theory and mapped over the resolved crystal structures (figure 2-26, 

right). The extension of the -system remarkably modifies the charge distribution. The 

negatively charged regions are progressively segregated at the two naphthyl peripheries 

in 2-2 and more clearly in 2-3, where positively charged areas at the centre of each 

piranopyrano cycle, highlighted by white arrows, suggested the occurrence of a notable 

charge depletion. The xylyl groups do not affect the charge distribution within the -

conjugated surface, which was consistent with the calculations obtained for the archetypal 

structures reported in figure 2-17. 

2.2.2 Conclusions 

In conclusion, it was proved that the extension of the -conjugated backbone is a powerful 

tool to modify the photoredox properties of PXX-based compounds. The absorption 

energy was tuned by E00 = 1.16 eV from the near-UV absorption for the naphthalene 

derivative 2-1 to the green light absorption of the novel nanoribbon 2-3. The 

electrochemical studies revealed that the shrinking of the band gap energy upon 

progressive extension of the O-annulated framework was generated by a rising of the 

HOMO energy level of 0.90 eV from 2-1 to 2-3, due to the increasing electron-donating 

properties of the nanoribbon. Nevertheless, the increase of the HOMO orbital energy was 

compensated by a reduced energy band gap, making the nanoribbon 2-3 a weaker 

photooxidant (*E1/2
ox = -1.83 V vs SCE) than the pristine PXX (*E1/2

ox = -2 V vs SCE). 

The theoretical studies provided helpful information on the charge density over the 

molecular surface, confirming the trend reported for different PAHs bearing zig-zag 

topologies, where the extension of the molecular backbone segregates the negatively 

charged regions at the two extremes of the molecular ribbon, leading to a more positively 

charged inner part. The anisotropic charge distribution, along with a high HOMO energy 
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level (EHOMO = -4.74 eV), make the nanoribbon 2-3 fascinating for the engineering of p-

type semiconductors.  

 Tailoring of the frontier orbitals band gap of PXX by heteroatom 

doping 

The replacement of carbon atoms within the backbone of aromatic compounds has 

emerged as a valid technique to increase chemical stability and generate materials with 

tailored photophysical and electrochemical properties.[177] In the last years, several 

synthetic methods have been developed and a wide range of materials produced.[178,179] 

Accordingly, the substitution of the pristine carbon atoms with ones from the p-block 

(mainly O, S, Se) was applied to smaller aromatic molecules, affording rational 

modifications of the energy band gap in -extended molecules, conjugated polymers[180] 

and nanographenes.[181] Often, the effect of the substitution could be predicted 

considering the different characteristics between the carbon atoms and the replacing ones. 

In the case of chalcogens, the increased dimension and polarizability provided the doped 

molecules with increased electron-donating properties, together with a bathochromic shift 

of the absorption energies.[182] This tendency increases when descending the group. The 

substitution of peripheral CH fragments with O and S atoms in pyrene derivatives, for 

example, caused a shrinking of the optical band gap by 0.75 and 0.70 eV, respectively. 

Similar behaviour was reported for thionated perylene diimides (figure 2-27).[183]  

N N
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X2X4

X3 P: X1 = X2 = X3 = X4 = O          
S1: X1 = X2 = X3 = O; X4 = S        
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trans-S2: X1 = X2 = S; X3 = X4 = O 
S3: X1 = X2 = X3 = S; X4 = O        
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Figure 2-27. Overlayed absorption (A) and emission spectra (B) for a series of thionated perylene 
diimides in CHCl3 at rt. Adapted with permission from ref 184. Copyright 2014 Am. Chem. Soc. 
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A reduction of the optical band gap from 2.25 eV (pristine PDI, P) to 1.64 eV (fully 

substituted PDI S4) due both to the rising of the HOMO energy level (EHOMO(P/S4) = 

0.25 V) and lowering of the LUMO (ELUMO(P/S4) = 0.39 V)  was observed upon the 

replacement of the carbonyl O atoms (figure 2-27). Moreover, no effect on the band gap 

due to the different positions of the O atoms was observed. Further replacements with 

selenium and tellurium atoms were reported for benzochalcogendiazoles, where the 

substitution of the O atom with Se caused a shrinking of the energy band gap of E00 = 

0.33 eV, mainly due to an increase of the energy of the HOMO orbital, and a drop of the 

fluorescence quantum yield from  = 0.76 to  = 0.04.[184] Further examples with 

molecular rods[185] and rhodamine dyes (E00 = 0.17 V between rhodamine and Te-doped 

rhodamine)[186] highlighted consistent trends. In addition, the chalcogen atom doping 

favours the heavy-atom effect (i.e., the enhanced intersystem crossing rate, from singlet 

to triplet state, which increases by the fourth power of the atomic number Z4), leading to 

a more efficient population of the triplet state upon light excitation.[187] For example, the 

substitution of the central atom in a series of tetramethylrosamine dyes is a convenient 

way to modulate the yield of population of the triplet state (figure 2-28).[188]  

 

Figure 2-28. Absorption maximum (grey dots) and kISC (green dots) for TMR-O, TMR-S and 
TMR-Se. The dot dimension is proportional to the extent of  (grey) and  (green) following 
the legend reported. Data extracted from ref 188.  

When the central oxygen atom was replaced by sulphur and by selenium, the fluorescence 

quantum yield drastically dropped (fl = 0.21 and 0.009 for TMR-S and TMR-Se, 

respectively), along with an increased efficiency in populating the triplet state (Δ = 0.23 

and 0.97, correspondingly), calculated by 1O2 sensitisation measures (see chapter 5). In 

addition, doping atoms with multiple available oxidation states (e.g., S, Se, Te) could 

allow further modifications of the electronic properties. The effect of the sulphur atoms 

oxidation could be usually rationalised considering the acquired electron-withdrawing 
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character of high oxidations states of the sulphur atom. For example, the oxidation of the 

sulphur atoms to sulphoxide and sulphone was used to lower the LUMO energy in 

polythiophenes, increasing their electron-accepting ability.[189] Moreover, in the case of 

sulphur bridged pyrene based D-A dyads, the more electron-withdrawing properties of 

sulphone compared to sulphide increased the charge transfer efficiency.[190] 

Computational studies on the rationalisation of the effect of sulphur oxidations on the 

PLQY of sulphur bridged oligothiophenes,[191] naphthalene dimers,[192] anthracene[193] 

and carbazoles[194] were reported Casanova et al. In all the examples, the oxidised 

sulphone derivatives showed a higher  than the sulphides and sulphoxide counterparts. 

This was ascribable to the different available deactivation pathways (e.g., conical 

intersection) favoured by the presence of the electron lone pair on the sulphide and 

sulphoxide derivatives, which are lacking in the case of SO2, increasing the probability 

of radiative deactivation.  PXX has been employed as a p-type semiconductor in organic 

thin-film transistors (OTFT).[131] In addition, PXX has been used as a reducing agent in 

photoredox transformations. Both applications rely on the electron-rich nature of PXX, 

provided by the presence of oxygen atoms (see section 2.1). It could be envisaged that 

replacing the oxygen atoms with heavier and more electron-rich atoms like sulphur may 

enhance its photoreducing ability, allowing a more comprehensive range of photoredox 

transformations. Moreover, the presence of sulphur could allow the formation of 

intervalence charge transfer (IVCT) and increase the hole transport properties. In 

addition, exploiting the acquired possibility to tweak the valency of the sulphur atoms, 

the electronic properties could be furtherly tuned by oxidation to sulphoxide or sulphone 

derivatives. Recently, a derivative of peri-thioxanthenothiaxanthene, the sulphur-doped 

congener of PXX, was employed as a hole transporter in perovskite solar cells.[195] A 

theoretical frontier orbital energy gap of EH/L = 2.86 eV with E(HOMO) = -4.79 eV and 

E(LUMO) = -1.93 eV was calculated, confirming the high electron-donating behaviour 

in vacuum and solid-state, but a detailed analysis of the photophysical properties in 

solution, required for photoredox applications, is not reported.  

In the following section, the influence of sulphur-doping and progressive oxidation of the 

sulphur atoms on the electronic delocalisation and the photophysical and electrochemical 

properties of several novel PXX derivatives is reported (figure 2-29). The results are 

compared with similar literature examples aiming to rationalise the effect of these 

modifications to achieve precise control over the energy band gap, which in turn allows 

triggering specific transformations.  
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Figure 2-29. General scheme of the section. The heavy atom doping provides additional tools 
that could be employed to tailor the characteristics of the compound: the higher atomic number 
(Z), increased dimension (VdW radius),[196] static dielectric polarizability () and multivalency 
of sulphur compared to oxygen atoms.[197] 

2.3.1 Results and discussion 

The syntheses reported in this section were carried out by Oliwia Matuszewska, a PhD 

student in the Bonifazi group. Peri-thiaxanthenothiaxanthene (2-6H, scheme 2-1), was 

obtained following a reported procedure.[198] Due to the poor solubility of molecule 2-6H 

in organic solvents, the derivative 2-6Oct bearing octyl chains as solubilising group was 

also synthesised.[199,200] Oxidation reactions provided sulphoxides 2-7H, 2-7Oct, 

disulphoxide trans-2-8H (trans is referred to the positions of the two oxygen atoms 

compared to the molecular plane) and 2-9Oct (scheme 2-1).  

 

Scheme 2-1. Structure of 2-6 and the oxidised derivatives 2-7H, 2-7Oct, trans-2-8H and 2-9Oct
. 
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The crystals of 2-6H, 2-7H, trans-2-8H and 2-9Oct, obtained by Oliwia Matuszewska, were 

resolved by Davide Marinelli and Nicolas Biot (figure 2-32). Except for 2-9Oct, where the 

four oxygen atoms force the tetrahedral conformation of the sulphur atoms, and an angle 

 = 163° was observed between the two naphthalene cores, all the structures adopted a 

flat conformation. The resolved crystal structure was employed as a starting geometry for 

the theoretical geometry optimisation, which was performed in the gas phase employing 

the hybrid functional B3LYP and the cc-pVTZ basis set (figure 2-32, bottom). The 

calculation method and the basis set were chosen following the results obtained by the 

Harriman group.[142] The vibrational analysis confirmed that the obtained structures 

represent an energy minimum on the potential surface. The optimised structures closely 

resembled the crystal structures of 2-6H, where the  values differed for less than 5%. 

Molecule 2-6H adopts a herringbone crystal packing. Conversely, a cis-orientation of the 

oxygen atoms in respect to the aromatic molecular plane was calculated for 2-7H and 2-

8H, in contrast with the trans conformation observed in the crystal. This could be due to 

a small interconversion energy barrier between the two structures at rt. 

 

Figure 2-30. Crystal structure (top) and optimised geometry calculated at the B3LYP/cc-pVTZ 
level of theory (bottom) for 2-6H, 2-7H, trans-2-8H and 2-9Oct (space group: P 21/c, P 212121, P 21/c, 
P -1, respectively). The octyl chains for 2-9Oct are not reported. The  angle describes the relative 
bending among the planes, which include the two naphthyl cores. 
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To get insights on the effect of S-doping on the electron delocalisation, nucleus 

independent chemical shift calculations (NICS)[201,202] and anisotropy of induced current 

density (ACID)[203,204] were performed on the optimised structure of PXX, 2-6H and their 

mono and bis oxidised forms (figure 2-31). NICS calculations have been employed to 

assess the electron delocalisation properties of a wide range of compounds. The 

calculations report the theoretical chemical shift that an atom would experience if placed 

in a defined part of the molecule. The probe atoms are usually located at 1Å over the 

molecular plane to asses the formation of ring currents due to -delocalisation (NICS(1)). 

In this way, the effect of the -electrons could be eliminated. Negative values suggest the 

formation of a -delocalisation that is often considered as proof for the presence of local 

aromaticity. On the other hand, the AICD calculations provide information on the 

anisotropy of the charge distribution due to electrons that are not localized at the nuclei. 

The presence of an anisotropy of induced current density is visualised by isosurfaces. 
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Figure 2-31. ACID plots at the standard isosurface value of 0.05. The structures were optimised 
at B3LYP/cc-PVTZ level of theory. A. PXX, PXX+1 and PXX+2; B. 2-6H, (2-6H )+1 and (2-6H )+2. 

A 

B 
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Even though PXX and 2-6H possess the same number of  electrons (24 e-), the ACID 

calculations provided different results. While the oxygen atoms in PXX allow the 

delocalisation of the electrons across all the -conjugated surface (yellow isosurface), the 

sulphur atoms hinder the electron delocalisation in 2-6H. The breaking of the electron 

delocalisation is probably due to several factors. The electron lone pairs located on the 

sulphur atoms are more distant from the molecular plane than in the case of the oxygen 

atoms. In addition, the length of the C-S bonds compared to the C-O ones, along with the 

different conformation of 2-6H could affect the ability to delocalise the electrons on the 

surface. In both cases, diatropic current (red arrows) is observed only over the two 

separated naphthalene cores in the neutral state. A generation of a diatropic current, 

opposed to the magnetic field vector, is employed as a tool to assess whether a molecule 

possesses an aromatic character.[203,204] The diatropic contribution is progressively 

extending upon oxidation and in PXX2+ and (2-6H)2+ it spans all around the periphery of 

the -conjugated surface. This evidence is in accordance with the number of -electrons 

(22) of PXX2+ and (2-6H)2+ that satisfies the Hückel 4n+2 rule. As reported in figure 5-

11 and figure 5-12, these results are confirmed by the NICS(1) calculation for PXX, 

where negative ppm are observed only for the two naphthalene cores in the neutral case 

and all over the molecular surface in the case of PXX2+. On the other hand, NICS(1) 

calculations on 2-6H show the formation of two chemically shielded aromatic sextets in 

the rings carrying three hydrogens in (2-6H)+2. The differences could be rationalised if 

compared to the reported calculations for periacenes, where the more shielded ring is 

reported to be the most reactive.[205] Similarly, PXX derivatives are known to get 

oxidised, in particular at the pseudo-ortho position in respect to the heteroatom, which 

corresponds to the ring reporting the most negative chemical shift.[127] Therefore, it could 

be envisaged that the higher polarizability and dimension of the sulphur atom enhance 

the reactivity of that ring, leading to the very low chemical shift obtained by the NICS(1) 

calculations. 
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The photophysical properties of 2-6H, 2-7, trans-2-8 and 2-9 were investigated in solution 

and solid-state (figure 2-32 and table 2-7). 

 

Figure 2-32. Absorption (solid line) and fluorescence (dashed line) spectra for 2-6H (red trace, 
exc = 450 nm), 2-7H (black trace, exc = 345 nm), trans-2-8H (green trace, exc = 350 nm), and  
2-9Oct (blue trace, exc = 365 nm) in aerated CH2Cl2 at rt.  

The absorption spectrum shape of 2-6H closely resembled the one of PXX.[137][139] While 

the lowest energy transition for PXX lays in the blue region (max = 443 nm), the one for 

2-6H was redshifted (max = 500 nm). Addressing the same nature for the transitions for 

PXX and 2-6H, the broader and weaker absorption peaks in 2-6H are expected to be caused 

by the heavier sulphur atoms, which is reported to lessen the oscillator strength in the 

S0S1 transitions (ϵmax ≈ 7000 M-1cm-1 and 17000 M-1cm-1 for 2-6H and PXX, 

respectively).[185,206] While molecule 2-6H displayed the lowest energy electronic 

transition around 500 nm in CH2Cl2, 2-7H, trans-2-8H, and 2-9Oct depicted progressively 

blue-shifted bands centred at λabs = 458 nm, 414 nm and 399 nm, respectively (figure 

2-32). A similar Stokes shift was reported for 2-7H (410 meV) and trans-2-8H (430 meV), 

while a reduction is observed for 2-9Oct (220 meV), suggesting a higher rigidity of the 

molecular structure moving toward a higher degree of sulphur atoms oxidation. The 

luminescence spectra for all the derivatives showed weak vibronic progression, more 

pronounced for 2-6H and 2-9Oct. Derivatives 2-7H, trans-2-8H, and 2-9Oct showed 

progressive hypsochromic shifts of the emission band compared to 2-6H.[191] 
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Table 2-7. Absorption and emission maxima, fluorescence lifetimes, and  recorded in aerated 
CH2Cl2 at rt, experimental and calculated energy band gaps for PXX, 2-6H, 2-7H, trans-2-8H, 2-
9Oct. 

 Absorption Emission Energy Band Gap 

Molecule 
max (nm) 
 (M-1cm-1) 

max (nm) 
 

 (ns) 





E00 (eV)[c] ET (eV)[d]

PXX 443 (17300)[139] 450[139] 5.0[139] 0.62[139][b] 2.78 3.30 

2-6H 500 (6000) 
469 (6370) 

518 5.2 <0.02[b] 2.44(1.72)[f] 3.05 

2-7H 458 (4050) 
422 (3200) 
341 (10400) 

539 11.2 0.22[b] 2.43 3.20 

trans-2-8H 414 (6761) 
397 (7200) 

483 0.6 0.04[b] 2.83 3.37 

2-9Oct 399 (9600) 
380 (9500) 
340 (5800) 

430 0.7 0.35[c] 2.99 3.51 

[a]λexc = 450 or 340 nm. [b]Standard: coumarin 153 in aerated EtOH at rt ( = 0.53).[173] [c] 
Standard: 9,10-diphenilanthracene in aerated cyclohexane at rt ( = 0.97±0.03).[174] [d]Energy 
calculated at the lowest energy intersection (λint) between normalized absorption and emission 
spectra, E00 [eV] = 1240.5/λint. 

[e]Calculated band gap at the B3LYP/cc-pVTZ level. [f]Energy 
gap between S0 and T1. 

 

The lower emission quantum yield () of sulphur-doped derivatives compared to that of 

PXX could be ascribable to a more efficient ISC into a triplet state favoured by the 

presence of the heavier sulphur atoms. On the other hand, the higher quantum yield of 2-

9Oct compared to the less oxidised sulphur-doped derivatives trans-2-8H, 2-7H and 2-6H 

is consistent with the results reported for sulphur bridged aromatic compounds.[191,192] In 

particular, the absence of electronic lone pair on the sulphur atom is suggested to hinder 

some non-radiative deactivation pathways, enhancing the efficiency of the radiative 

processes.[207] To shed light on the triplet states population, we estimated the quantum 

yield for the population of triplet states using 1O2-sensitisation measurements for PXX 

and 2-6H.[208] The results showed an almost 3-fold increase of the relative quantum yield 

of singlet oxygen formation, rel(1O2) (rel(1O2) = 0.26 for PXX and rel(1O2) = 0.64 for 2-

6H) (figure 2-33 and table 2-8). If no phosphorescence was detected for PXX, a 

phosphorescence at em = 700-820 nm (= 210 s) was observed for 2-6H at 77 K in the 

presence of CH3I[209] (figure 5-5). 
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Figure 2-33. Sensitised singlet oxygen luminescence spectra of PXX (left, red, λexc = 390 nm) 
and 2-6H (right, blue, λexc = 511 nm) in CH2Cl2 at rt vs C60 (black) in CH2Cl2. Spectra were 
recorded exciting the species at isoabsorbing wavelength vs a standard C60

 CH2Cl2 solution.[210] 

Table 2-8. 1O2 sensitisation quantum yield (rel) recorded for PXX and 2-6H in an air equilibrated 
CH2Cl2 solution at rt. 

  rel(1O2)[a] 

Molecule λexc [nm] I1270 nm
[b] Peak Area[c] 

PXX 390 0.30 0.26 
2-6H  511 0.72 0.64 

[a]C60 Φrel (1O2) = 1.[210] [b]I1270 nm (s) / I1270 nm (r). [c]∫ 𝑣(𝑠) 𝑑𝑣
 

 
 / ∫ 𝑣(𝑟) 𝑑𝑣

 

 
; 

s = sample, r = C60. 

 

CV and differential pulse voltammetry (DPV) were employed to measure the 

electrochemical potentials of the compounds and the results are reported in figure 5-7, 5-

8, 5-10 and summarised in table 2-9. The sulphur atom doping in 2-6H reduced the 

oxidation potential by around 0.1 V compared to PXX, increasing the reductive properties 

(E1/2
ox1 = 0.31 V for PXX and E1/2

ox1 = 0.21 V for 2-6H). When considering the oxidised 

derivatives 2-7H, trans-2-8H and 2-9Oct, no reversible oxidation event was detected (figure 

5-10). This is probably due to the increased electron deficiency of the aromatic ring due 

to the higher sulphur oxidation state, which shifts the oxidation events to higher 

potentials. On the other hand, a first reversible reduction event was observed for 2-7H, 

trans-2-8H and 2-9Oct. In addition, second reductions were reported for trans-2-8H (E1/2
red2 

= -2.1 V, irreversible) and 2-9Oct (E1/2
red2 = 1.82 V, reversible). Therefore, the S-doping 

provided a stronger reductive behaviour to the derivatives compared to pristine PXX, as 

expected by the more electron-donating properties of the sulphur atoms. On the other 

hand, the progressive sulphur atom oxidation allowed the tuning of the electrochemical 

characteristics, progressively enhancing the oxidative behaviour.  
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Table 2-9. Cyclic Voltammetry data of PXX, 2-6H, 2-7H, trans-2-8H, 2-9Oct in CH2Cl2 at rt vs 
Fc+/0. Scan rate 0.05 Vs-1, TBAPF6 was used as electrolyte, and either ferrocene[211] or 
decamethylferrocene (for 2-6H and 2-9Oct) were used as internal references. 

 Oxidation Reduction 
Molecule E1/2

ox,1 E1/2
ox,2 E1/2

red,1 E1/2
red,2 

PXX 0.31 (87) - - - 
2-6H 0.21 (97) - - - 
2-6Oct 0.14 (66) 0.74(74) - - 
2-7H 0.8[d] 1.3[d] -2.2 (100) - 

trans-2-8H 1.1[d] 1.3[d] -1.6 (90) -2.1[d] 
2-9Oct - - -1.34 (115) -1.82 (145) 

[d] Irreversible event, the potential reported correspond to the maximum of the anodic or 
cathodic peak at 100 mV/s scan rate. 

 

To further rationalise the effect of the S-doping and chemical oxidation on the 

photoelectrochemical properties, the energies of the HOMO and LUMO orbitals of the 

PXX derivatives were estimated using the electrochemical and photophysical data (figure 

2-34 and table 2-7). 

 

Figure 2-34. Estimated HOMO-LUMO energies from electrochemical (oxidation or reduction 
potential, solid lines) and photophysical analysis (E00, dashed lines) for 2-6H, 2-7H, trans-2-8H, 
and 2-9Oct in CH2Cl2 at rt. Fc+/0 = -4.8 eV vs vacuum.[176] 

The HOMO and LUMO energy levels experienced a progressive downshift with the 

higher sulphur atoms oxidation, while the band gap increased. Similar results were 

reported for sulphone derivatives of polythiophenes, where the oxidation led to a decrease 

in the LUMO energy.[189] The hypothesis that the higher oxidation states of the sulphur 

atoms can gradually shift the LUMO energy in sulphur-doped PXX derivatives was 

validated by calculating the frontier orbitals energies for the PXX derivative 2-10H.  This 
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derivative, whose synthesis was not achieved, bears a total of 3 oxygens on the sulphur 

atoms. The starting point geometry for the optimisation of 2-10H was obtained removing 

one oxygen atom from the crystal structure of 2-9Oct, and the calculation was performed 

in vacuum at the B3LYP/6-31+G* level of theory. The results were compared to those 

already calculated for 2-6H, 2-7H, trans-2-8H and 2-9Oct and reported in figure 2-35 and 

table 2-10. 

 

Figure 2-35. HOMO-LUMO energy gap calculated and respective orbital distribution for 2-6H, 
2-7H, 2-8H, 2-10H and 2-9H at the B3LYP/cc-pVTZ level of theory in vacuum. 

Table 2-10. HOMO and LUMO energies and energy gap for 2-6H, 2-7H, trans-2-8H, 2-10H and  
2-9Oct calculated at the B3LYP/cc-pVTZ level of theory in vacuum. 

Molecule E (HOMO) [eV] E (LUMO) [eV] E 

2-6 -4.88 -1.83 3.05 
2-7 -5.47 -2.28 3.19 
2-8 -6.05 -2.69 3.36 

2-10H -6.379 -2.98 3.40 
2-9Oct -6.75 -3.23 3.51 

[a]Scan rate 50 mV/s-1. Supporting electrolyte TBAPF6 (0.1 M). Half-wave potentials unless 
otherwise specified. Peak separation in mV is reported in brackets. [b]Irreversible wave. [c] 
Value reported vs SCE. Details in chapter 5. 

The theoretical data confirmed the tendency reported for the experimental values, where 

a progressive shift to lower potential for both HOMO and LUMO energies and an increase 
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of the energy gap was associated with the increasing oxidation character of sulphur. In 

accordance, molecule 2-10H displayed intermediate energy gap value (∆E = 3.40 eV) and 

frontier orbital energy (HOMO = -6.379 eV, LUMO = -2.98 eV) compared to 2-8H and 

2-9H. These results confirmed that by tuning the oxidation state of sulphur atoms it is 

possible to precisely tailor and predict the electrochemical properties of this class of 

compounds. 

Other than by chemical formation of S-O bonds, the electronic distribution could be 

perturbed by applying an electric potential and different photophysical properties could 

emerge compared to the neutral species.[212] Since the modifications occur until the proper 

potential is applied, the photophysical properties of the charged species have to be 

monitored in situ. Spectroelectrochemical analyses could achieve this.[213] The measures 

were carried out by applying different voltages to a 1 mm pathlength cell while recording 

the absorption spectrum (see chapter 5). The analyses focused on sulphide 2-6Oct (figure 

2-36) and sulphone 2-9Oct (figure 2-37) since they carry the least and the most oxidised 

sulphur atoms in the series, providing information to extrapolate a general trend on the 

effect of the oxidation and reduction on sulphur-doped PXX derivatives. The absorption 

spectra were recorded in the proximity of the respective oxidations or reduction half-wave 

potentials (table 2-8).  

 

Figure 2-36. Spectroelectrochemical analysis in CH2Cl2 at rt for 2-6Oct at different voltages, 
corresponding to (2-6Oct)0 (0 V vs Ag/AgNO3, blue trace) (2-6Oct)+1 (+0.42 V Ag/AgNO3 black 
trace) and (2-6Oct)+2 (+1.2 V vs Ag/AgCl, red trace) oxidation. 
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Upon oxidation of molecule 2-6Oct, a progressive redshift of the absorption bands was 

observed, with (2-6Oct)+1 and (2-6Oct)+2 absorbing in the green (λabs = 550 - 700 nm) and 

red (λabs = 700 - 800 nm) region, respectively. The absorption band between λabs = 550 - 

700 nm was assigned to partial oxidation of the compound in solution due to its low 

stability in halogenated solvents. The absorption band at λabs > 850 nm could be ascribed 

to an IVCT band.  

 

Figure 2-37. Spectroelectrochemical analysis in CH2Cl2 at rt for 2-9Oct at different voltages, 
corresponding to the neutral (0 V vs Ag/AgNO3 black trace), first (0 V to -1.14 V vs Ag/AgNO3, 
blue trace) and second (-1.14 V to -1.7 V red trace) reduction. Spectra have been recorded 
scanning toward negative potentials. 

In the case of molecule 2-9Oct, when potentials were scanned between 0 V to -1.14 V, a 

weak band appeared between λabs = 500 - 600 nm, together with a decrease of the 2-9Oct 

absorption band at λabs = 400 nm, due to the formation of the radical anion (2-9Oct)-. 

Moreover, the spectrum recorded at E = -1.7 V showed an increase of band at λexc = 550 

nm, along with the formation of a broad band between λabs = 700-1050 nm, due to the 

formation of the dianion (2-9Oct)2-. The visible light/NIR absorption of the radical anion 

(2-9Oct)- and dianion (2-9Oct)2- could in principle allow the exploitation of the formed 

excited radical *(2-9Oct)- and *(2-9Oct)2- as an active molecule in photoinduced 

transformations. In contrast, light excitation was precluded in the case of 2-9Oct, since its 

blue-shifted absorption lay in the near-UV region. The calculation for the theoretical 
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oxidation potential of the excited state of the mono and bis-reduced species, obtained 

using the Rehm-Weller equation,[214] are reported in (1) and (2): 

*Eox(2-9Oct)2- = Eox(2-9Oct)2- - E00 (1050 nm) = -1.82 V - 1.18V = -3.0 V vs Fc+/0      (1) 

*Eox(2-9Oct)- = Eox(2-9Oct)- - E00(550 nm) = -1.34 V - 2.25V = -3.59 V vs Fc+/0      (2) 

These potentials are both lower than the E*ox estimated for the excited radical anion of 

PDI[149] and Rhodamine 6G (~ -2.4 V vs SCE)[215] and close to that of Li (~ -3.04 V vs 

SCE). Therefore, it could be envisaged that if the radical dianion (2-9Oct)2- is generated 

in situ by chemical reduction or by application of potential, it could be then excited by 

visible light and act as a powerful reducer in photoactivated reactions and 

photoelectrocatalysis.[216] A general scheme of the envisaged process employing the 

radical anion (2-9H)2- as photocatalyst is reported in figure 2-38.[217] 

 

Figure 2-38. General scheme for a photoredox transformation using the dianion (2-9Oct)2- as 
photoactive species. A first chemical or electrochemical reduction in situ provides the dianion (2-
9Oct)2- which, upon visible light excitation, can participate in a PET with and electron acceptor A. 
A donor D would then be used to restore the photocatalyst. 

It is worth noticing that to successfully employ the photocatalyst, it is crucial to verify the 

photophysical properties of the excited (2-9Oct)2- anion and asses if the lifetime of the 

excited state lasts long enough to compete with the diffusion rate and if other efficient 

deactivating pathways do not occur (e.g., TT annihilation).[218]  

2.3.2 Conclusions 

In conclusion, the photophysical, electrochemical and electronic delocalisation properties 

of 4 novel sulphur-doped PXX derivatives were investigated. In particular, the studies 

focused on the influence of the replacement of the oxygen atoms and on the effect of 

tweaking the sulphur oxidation states. The calculations of the anisotropy of the induced 
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current on 2-6H showed how the presence of sulphur atoms reduced the electron 

delocalisation compared to PXX by shielding the two naphthyl cores in the neutral state 

while affording a ring current extended all over the external periphery of the molecule at 

the doubly oxidised state. The modifications of the photophysical properties of 2-6H 

compared to PXX are consistent with the ones already reported in the literature due to the 

presence of heavy chalcogen atoms: redshift of the absorption (Eabs = 0.23 eV) and 

emission (Eem = 0.36 eV) energies, reduced vibronic structure and lower molar 

extinction coefficient ((λmax) = 11300 M-1cm-1). In addition, due to the heavy-atom effect 

provided by the sulphur atom, 2-6H showed low fluorescence quantum yield ( = 0.04), 

but phosphorescence emission at λem = 720 nm was detected at 77 K along with an almost 

3-fold increase of the triplet state population with (PXX) = 0.26 and (2-6H) = 0.64. 

The lower oxidation potential reported is in accordance with the higher dimension and 

polarizability of sulphur atoms compared to oxygen. The acquired data provided a higher 

singlet excited state oxidation potential compared to PXX (E*ox = -1.77 V vs SCE and 

E*ox = -2 V vs SCE for 2-6H and PXX, respectively), but the presence of a longer living 

triplet state with E*ox = -1.05 V vs SCE could suggest the use of 2-6H as promising 

photoactive molecule in light-mediated transformations. Further, the photophysical and 

electrochemical properties of derivatives with a different extent of sulphur atoms 

oxidation have been discussed. A progressive blue shift of the absorption and emission 

energy, mainly due to the shift to higher potentials of the HOMO orbital, was observed 

with the increase of the sulphur atom oxidation. As a consequence, a more pronounced 

oxidising character was reported. If the fluorescence quantum yield of sulphide and 

sulphoxide derivatives is very low (fl = 0.22 and 0.04 for 2-7H and trans-2-8H, 

respectively), the bis sulphone derivative 2-9Oct showed a higher fluorescence quantum 

yield (fl = 0.35). The result was consistent with the reported literature. The 

spectroelectrochemical analysis on 2-9Oct envisaged that the dianion (2-9Oct)2-, having a 

red/NIR absorption and a *Eox(2-9Oct)2- = -2.54 V vs SCE could be fruitfully employed 

in photoelectrocatalytic applications. 
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Chapter 3 

 

 Solid/Liquid interfaces to enhance photocatalytic efficiency 

 
 

In chapter 1, the use of homogeneous and heterogeneous interfaces to increase the 

efficiency of photochemical processes by enhancing the recyclability and stability of the 

catalysts is discussed. While systems where organic dyes are non-covalently loaded on 

polymeric surfaces and metal complexes are covalently linked to polymeric resins to act 

in photoactivated reactions directly are reported, the use of organic dyes covalently 

anchored to preformed polymeric resins as photoactive materials in photoredox 

transformations has not been extensively explored. In addition, the dyes employed in the 

literature were often stable to the reaction conditions even when dissolved in solution and 

the loading only allowed faster recovering procedures. As reported in chapter 2, the 

energetic properties of PXX derivatives could be rationally modified by structural 

modifications, allowing a broad versatility in phototriggered redox transformations. 

Nevertheless, when used as photoactive materials, PXX congeners tend to degrade during 

the reaction, not allowing their recovery and recycling. 

 Aiming to achieve reusability of the dyes, this chapter discusses the synthesis and 

characterisation of several PXX derivatives and their loading by covalent bonding to 

commercially available PS resins or PDMS microspheres produced using different 

techniques. The systems were characterised and tested in visible light-mediated 

transformations and the conversion yields were compared with the homogenous cases. 

Moreover, looking to further extend the activity lifetimes of the materials, the realisation 

of a microfluidic reactor that could be filled with dye-functionalised beads to allow 

photoredox processes in flow is reported. The fabrication of the device was obtained in 

collaboration with Alex McMillan and Dr Sasha Cai Lesher-Pérez at Elvesys (Paris). The 

design of a series of different microfluidic reactors, each one filled with different 

functionalised polymeric beads that can be connected in series, allowing multistep 

photoredox processes, is also discussed. In figure 3-1 a general scheme of the project is 
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shown: section 3.1 focuses on the synthesis, characterisation and test of photocatalytic 

properties of a novel PXX derivative in solution and anchored to commercially available 

(aminomethyl)polystyrene resins; then, developing on the results obtained in section 3.1, 

section 3.2 deals with the synthesis and characterisation of an optimised PXX derivative 

and its loading onto PDMS microspheres, followed by test photoredox reactions. To 

conclude, in section 3.3, the production of a microfluidic reactor and narrowly 

polydisperse PDMS beads is investigated, along with their use in a test photoreaction 

within the microfluidic reactor (in collaboration with Alex McMillan and Dr Sasha Cai 

Lesher-Pérez). In the same section, the synthesis and characterisation of a novel PXXMI 

derivative are described. The compound could be attached to carboxylic functionalised 

PS resins for light-mediated photoreductive reactions. 

 

Figure 3-1. General scheme of chapter 3. 
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 PXX-functionalised PS beads 

The transition from homogeneous one-phase light-mediated processes to heterogeneous 

solid/liquid systems could be an effective way to increase the stability of the dye in the 

reaction environment and afford good reusability and easy separation of the 

functionalised materials (see chapter 1). In the case of PXX, it was envisaged that the 

reported degradation of the dye during the photoreactions could be hindered by loading 

it onto a polymer surface. In this way, the reduced solvation due to heterogenisation could 

reduce interactions with the dissolved O2, which is considered one of the main pathways 

for the degradation of this class of derivatives.[219] 

Two conditions must be satisfied to obtain reusable photoactive materials. The bonding 

between the photoactive species and the solid surface must be stable to the reaction 

condition to avoid the release of the dye in solution and the solid surface should be inert 

to reaction condition without quenching the photocatalyst reactivity. Inspired by the 

literature reports (chapter 1), we envisaged the use of amide bond linking due to its high 

stability upon hydrolysis and basic condition. To this end, the commercially available 

(aminomethyl)functionalised PS resin was first chosen since it allowed a  

one-step amide bond formation by coupling with a carboxylic acid or an acyl chloride 

functionality. In addition, PS is widely employed in supported catalysis[39] and we 

envisaged that it would be inert to the reaction conditions. 

Therefore, PXX derivatives bearing at one naphthyl side a carboxylic acid or an acyl 

chloride functionality while keeping the other side inert to the coupling conditions were 

synthesised (figure 3-2).  

 

Figure 3-2. General scheme for the coupling of asymmetric PXX derivative with 
(aminomethyl)polystyrene resins. 

Photodebromination of 4BrAP was used as a benchmark reaction to test the activity of 

the dyes. The reactions were performed either in homogeneous and heterogeneous phases, 

solubilising the dyes in solution or loading them on solid support. To compare the results, 
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the structure of the solubilised dye must closely mimic the one employed in the 

heterogeneous case. Therefore, a PXX derivative bearing a propylbenzamide 

functionality was synthesised and its photoredox and electrochemical properties studied. 

3.1.1 Synthesis and photoredox properties of the PXX derivative bearing an amide 

functionality 

As reported in the retrosynthetic pathway in scheme 3-1, the first step in the synthesis of 

3-2 was the formation of PXX, followed by bromination and C-C coupling. 

 

Scheme 3-1. Retrosynthesis of compound 3-2. 

According to the literature, PXX was synthesised starting from 2-naphthol in the presence 

of CuCl and NMI in m-xylene.[136] The product was afforded in 80% yield in a 1 g scale 

reaction after crystallisation from hot toluene (scheme 3-2). 

 

Scheme 3-2. Synthesis of PXX: a) CuCl, NMI, K2CO3, m-xylene, 120 °C, 20 h (80%).[136] 

The optimisation of the bromination step is reported in table 3-1. At first, Stoessel's patent 

procedure was followed (table 3-1, entry 1),[220] but the 1H NMR analysis revealed the 

formation of a mixture of isomers and the presence of unreacted PXX. Separation by 

silica gel chromatography and recrystallisation by hot chlorobenzene was not successful. 

Similar results were obtained performing the reaction in CHCl3 (table 3-1, entry 2). To 

increase the selectivity by formation of only one kinetic product, a CHCl3 solution of N-
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bromosuccinimide (NBS, 0.9 eq.) was slowly dropped into a CHCl3 solution of PXX at 

either 0 °C or -25 °C in the dark (table 3-1, entry 3 and 4), but a mixture of mono 

brominated isomers was still obtained. It is known that halogenated solvents favour the 

ortho-addition in phenols when NBS is used as brominating agent.[221,222] On the other 

hand, polar solvents like DMF or ACN favour a polar SEAr mechanism, with the Br2 

acting as the electrophile, making the para-position to the oxygen the most reactive for 

the substitution.[223] The effect of the solvent was rationalised in the case of phenols 

bromination by the formation of a hydrogen bond in the presence of polar solvents. In 

this way, the possibility to achieve addition to the ortho-position was sterically hindered. 

Also, it was suggested that a rearrangement of ortho-isomers into para-isomers is 

favoured in more polar solvents.[224] Following the procedure reported by the group of 

Wasilewski[143] (table 3-1, entry 5), desired monosubstituted product 3-1 was obtained 

along with the bisubstituted derivative 3-1a. Performing the reaction at a lower 

temperature (-41 °C) and with an excess (1.1 eq) of PXX yielded 3-1 (80% NMR yield) 

and only traces of 3-1a (table 3-1, entry 6). 

Table 3-1. Optimisation of the synthetic procedure for compound 3-1. 

 

Entry PXX:A Solvent T 
Addition 

A 
Time (h) Conv. Products[a] 

1[2] 1:1 ODCB rt 
Dropping 

funnel 
24 90% 

3-1 + 3-1a + 
isomers 

2 1:1 CHCl3 rt 
Dropping 

funnel 
5 95% 

3-1 + 3-1a + 
isomers 

3 1:0.9 CHCl3 0 °C 
Dropping 

funnel 
18 82% 3-1 + isomers 

4 1:0.9 CHCl3 -25 °C 
Dropping 

funnel 
18 80% 

Mono brominated 
isomers 

5[143] 1:1 DMF rt - 24 90% 3-1 + 3-1a 

6 1:0.9 DMF -41 °C 
Dropping 

funnel 
24 80% 3-1 + traces of 3-1a 

[a] Qualitatively estimated by 1H NMR spectra in CHCl3. 
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The reaction crude was used for the next step without further purification since PXX is 

inert to the coupling conditions and the traces of 3-1a led to byproducts that were 

separated afterwards. The Suzuki coupling with 4-(n-propylcarbamoyl)benzeneboronic 

acid in the presence of [Pd(OAc)2] and XPhos in an N2-purged anhydrous THF solution 

at reflux provided molecule 3-2 as a yellow solid (scheme 3-3). 

O

O

O
O

Br O

NH

3-1 3-2

a)

 

Scheme 3-3. Synthesis of 3-2: a) [Pd(OAc)2], XPhos, 4-(n-propylcarbamoyl)benzeneboronic 
acid, K3PO4, THF, reflux, 18 h, N2. 

Compound 3-2 was photophysically and electrochemically characterised and the results 

are shown in figure 3-3 and table 3-2. 

 

Figure 3-3. A. Absorption and emission (λexc = 404 nm) spectra of 3-2 recorded in aerated CH2Cl2 
at rt. B. CV trace of 3-2 in N2-purged CH2Cl2 at rt. Scan rate 0.05 V/s. TBAPF6 was used as the 
electrolyte and Fc+/0 as internal standard.  

Table 3-2. Photophysical and electrochemical data recorded in CH2Cl2 for 3-2. 

 Absorption Emission Electrochemistry[f]

Molecule 
max (nm) 

( [M-1cm-1]) 
max (nm) 

 
 (ns) 





eV) 


E1/2
ox,1 



E1/2(M+/*M) 


3-2 
449 (12100) 

446 (-)[b] 
457[a] 

(454)[b] 
4.4[c] 0.62 [b] 2.74[d] 0.75[e] ~ -1.99 

[a] λexc = 404 nm; [b] Recorded in aerated solution of ACN at rt (figure 5-10); [c] aerated solution, 
λexc = 405 nm; λem = 470 nm; [d] Calculated from the cross-point between the normalised 
absorption and emission spectra; [e] N2-purged CH2Cl2 at rt. Scan rate 0.1 V/s. TBAPF6 was 
used as electrolyte and the couple Fc+/0 as internal reference. [f] Values are reported vs SCE.[225] 

 

A B 
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The energies and the shape of the absorption and emission spectra of 3-2 closely resemble 

those reported for PXX (chapter 2, section 2-1), with a minimal redshift of the absorption 

bands (37 meV) in the case of 3-2. The structured absorption was mirrored by an emission 

in the blue region (λem = 457 nm,  = 0.62 in ACN, figure 5-9) with  fluorescence lifetime 

( = 4.4 ns, figure 5-14) consistent with that reported in the same experimental condition 

for PXX ( = 5.0 ns).[139] The phenyl moiety did not distort the geometry at the excited 

state, as shown by the small Stokes shift (< 50 meV). Similarly, the electrochemical 

properties were not affected and a reversible (figure 3-3, B) oxidation potential of 0.75 V 

vs SCE is reported in CH2Cl2 (E1/2ox (PXX) = 0.77 V vs SCE), providing a photooxidation 

potential ~ -2 V vs SCE.  

The ability of 3-2 to act in photoactivated reactions was tested in the debromination 

reaction of 4BrAP. The substrate and the experimental conditions were chosen to match 

the one already reported for PXX to be able to compare the catalytic activities of the 

different catalysts (it was supposed that the same reaction mechanism of the one reported 

previously was followed).[139] Also, halogenated substrates have been widely investigated 

for photochemical transformations since the dehalogenation process could generate active 

substrates (i.e., radicals) that can be employed in situ for addition reactions with a wide 

range of reactants.[123] The reaction conditions and results for the 4BrAP dehalogenation 

reaction using 3-2 are reported in table 3-3 (experimental details and set-up are reported 

in chapter 5). 

Table 3-3. Scheme for the photoactivated debromination reaction of 4BrAP and conversion 
efficiency using 3-2 as photoactivate compound. 

 

 

Photocatalyst Time (h) Conversion[a] 
3-2 24 62% 

PXX[b] 48 100% 
[a] Estimated by 1H NMR using TCE as internal standard. [b] 36 W LED source. 

 

A 62% conversion of 4BrAP to acetophenone was obtained after 24 hours of irradiation, 

but the degradation of the dye was reported after the reaction, as observed by TLC 

analysis noticing the disappearing of the spot assigned to the dye. The result is in 
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accordance with the one reported using PXX to catalyse the same dehalogenation reaction 

(100% conversion), but with a more powerful LED source (estimated power 36 W) and 

with a longer reaction time (48 h).[139] 

3.1.2 Functionalisation, characterisation and photoredox properties of 

functionalised PS beads 

Once the photoactivity of 3-2 was confirmed, acyl chloride derivative 3-5 was synthesised 

(scheme 3-4) and coupled to (aminomethyl)polystyrene resin (bPS0, scheme 3-4 and 

scheme 3-5). 

 

Scheme 3-4. Synthesis of 3-5: a) 4-methoxycarbonylphenylboronic acid, [Pd(OAc)2], XPhos, 
K3PO4, THF, reflux, 18 h, N2 (80%); b) KOH, THF/MeOH (4/1), rt, 18 h (80%); c) oxalyl 
chloride, CH2Cl2, 3 h, rt. 

Brominated PXX derivative 3-1 was reacted in a Suzuki coupling with 4-

(methoxycarbonyl)benzeneboronic acid using the [Pd(OAc)2] XPhos catalytic system in 

an N2-purged anhydrous THF at reflux, providing molecule 3-3 as a yellow solid. The 

ester was hydrolysed with KOH in a THF/MeOH mixture, and the resulting acid 3-4 was 

reacted with oxalyl chloride in a CH2Cl2 solution under N2 to form 3-5. The derivative 

was employed directly in the reaction with bPS0 without further purification (scheme 

3-5). 
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Scheme 3-5. Synthetic procedure for the coupling between 3-5 and (aminomethyl)polystyrene 
resins (macroporous, 70-90 mesh). 

The bPS0 resin was dispersed in a CH2Cl2 solution of 3-5 under N2 and stirred overnight 

at room temperature in the presence of NEt3 to prevent the formation of HCl. After the 

dye-anchoring protocol, the unreacted amine groups on the resins were inactivated in a 

“capping” step.[68,226] To do so, they were reacted in a large excess of either benzoyl 

chloride (bPS1) or acetyl chloride (bPS3) to form less reactive amide bonds (chapter 5). 

A different route for the dye attachment, using the acid derivative 3-4 and the coupling 

reagent HBTU was also attempted (bPS2, chapter 5).[227] Different types of beads were 

produced depending on the dye anchored and on the "capping" agent (table 3-4). 

Table 3-4. List of PS beads (bPS) bearing 3-5 derivative and different capping agents. 

Device Photocatalyst Capping Agent Method 
bPS1 3-5 Benzoyl Chloride Acyl chloride 
bPS2 3-4 Benzoyl Chloride HBTU coupling 
bPS3 3-5 Acetyl Chloride Acyl chloride 

 

The ATR-FTIR spectra for bPS0, bPS1, bPS2 and 3-2 (figure 3-4) show several common 

bands in bPS1 and 3-2 that are not present in bPS0 and bPS2, suggesting that the 

anchoring procedure using HBTU was not successful. 
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Figure 3-4. Overlapped ATR-FTIR spectra of 3-2 (green trace), bPS0 (black trace), bPS1 (red 
trace) and bPS2 (blue trace). Band assignments: ~1630 cm-1 Amide I (C=O stretching). 

The band at around 1630 cm-1 corresponded to the stretching of the carbonyl C=O band 

(amide I band), which suggested the formation of the amide bond on the surface of the 

beads.[228] Nevertheless, due to the low signal-to-noise ratio, it was not possible to verify 

the relative amount of dye and capping agent by IR spectroscopy. Hence, X-ray 

photoelectron spectroscopy (XPS) spectra were recorded for bPS1, bPS3, bPS0 and solid 

3-2, focusing on the energy of C1s, O1s, N1s and Cl2p Si2p electrons (table 5-1). The 

spectra recorded for the N1s type electrons, and the peak energies are reported in figure 

3-5 and table 3-5. 
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Figure 3-5. N1s XPS spectra recorded for A. bPS0; B. bPS1; C. bPS3; D 3-2. For each spectrum, 
singular fittings are reported, along with the sum envelope. The signal due to the anchoring of the 
photocatalyst is reported in blue, free NH2 in red and capping agent in green. 

Table 3-5. Peak values for N1s electrons from the fittings reported in figure 3-5.  

Entry Sample B.E. (eV) 
Area peak /Area 

Envelope 

A bPS0 
401.71 
399.61 

83.3 % 
16.7 % 

B bPS1 
402.53 
400.33 
399.13 

7.0 % 
66.3 % 
26.6 % 

C bPS3 
402.59 
400.39 
399.39 

21.3 % 
57.2 % 
21.5 % 

D 3-2 399.99 100 % 

 

 

Peak fittings were performed to highlight the different spectral components and 

contributions in the XPS envelopes. In bPS0 (entry A, table 3-5), two peaks were 

obtained: the main one at 399.60 eV (red area) is typical of NHx type nitrogen species, 

ascribable to the free NH2 groups. On the other hand, the peak at 401.71 eV (purple) is 

likely to be due to either C-NH3
+ or C-NO species, which could be formed by the 

oxidation of the amine groups on the beads under air. As expected, only one peak is 

observed at 399.9 eV (blue) for the sample of 3-2, assigned to the presence of the 

secondary amide group. When comparing the energies for bPS1 and bPS3, the main peak 
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located around 400.4 eV, typical of a secondary amide group (blue areas), was related to 

the formation of the amide bond between the resin and the dye. The peaks at lower 

energies (red areas, 399.13 eV and 399.39 eV for bPS1 and bPS3, respectively) 

resembled the peak reported for bPS0 and were assigned to the unreacted NH2 groups on 

the resin surface. Further, the remaining peaks in the secondary amide groups region for 

bPS1 (B.E. = 402.53 eV) and bPS3 (B.E. = 402.59 eV) most likely were derived by the 

formation of amide bonds between the free NH2 groups on the beads and the different 

capping agents (benzoyl chloride for bPS1 and acetyl chloride for bPS3). Considering an 

isotropic functionalisation of the beads surface and a theoretical loading of the beads of 

1.5 - 3.0 mmol/g, a loading between 0.99 - 1.99 mmol/g and 0.86 - 1.72 mmol/g for bPS1 

and bPS3 was estimated from the ratio between the integral of the peak assigned to the 

secondary amide bond generated from the PXX derivatives-beads coupling (B.E. = 

400.33 eV for bPS1 and B.E. = 400.39 eV for bPS3) and the sum of the integrals for all 

the N1s signals.vii In comparison, loading of 0.017 mmol/g was estimated by NMR for a 

derivative of [Ir(dF(CF3)ppy)2(dtbbpy)](PF6) bearing two anchoring sites which was 

loaded with the same procedure employing (aminomethyl)polystyrene resin with a 

reported nitrogen loading of 1.0 - 1.5 mmol/g.[68] 

Emission and excitation spectra were recorded for dry bPS1 to verify the effect of the 

anchoring on the photophysical properties of the polymer-supported dye compared to 

CH2Cl2 solution (figure 3-6). 

    
Figure 3-6. Absorption and emission spectra of 3-2 (black traces, λexc = 404 nm,  
λem = 523 nm) in aerated CH2Cl2 and dry bPS1 (red and green traces, λexc = 417 nm, λem

 = 505 nm). 

 
vii This calculation is non consistent with the values calculated from NMR analysis of the filtered solution 
after the functionalisation reported in scheme 3-5. For the photoreactions, the PS loading was calculated 
based on NMR evaluations. 
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The inhomogeneity of the surface of the beads and the suggested aggregation induced by 

the close packing generated a loss of the sharp vibronic structure observed for the spectra 

recorded in solution.[229] The decreasing of the intensity for the emission band at 475 nm 

compared to CH2Cl2 solution could be the consequence of the small Stokes shift and the 

fixed close arrangements of the molecules over the surface, which may have determined 

strong inner-filter effects.[230] Nevertheless, the peak fitting of the excitation spectrum 

(λem
 = 505 nm) of bPS1 in different Gaussian functions centred on the maxima of the 

excitation spectrum in the CH2Cl2 solution showed good correlation (2
 = 0.9885, figure 

5-17), suggesting that the anchoring and following aggregation are not affecting the 

nature of the absorption bands of the compound. 

Photoredox transformations were then tested for the debromination reaction of 4BrAP 

using the same condition previously reported (table 3-6).  

Table 3-6. Conditions for the photoactivated debromination reaction of 4BrAP and conversion 
efficiency using bPS0, bPS1, bPS2, bPS3 as photoactivated molecules. 

 

Entry Device % mol(PC)[a] Time (h) Conversion[b] 
1 bPS0 0% 24 h No conv. 
2 bPS1 10% 24 h 17% 
3 bPS2 10% 24 h No conv. 
4 bPS3 10% 24 h 100% 

[a] Concentration of the photocatalyst (PC) based on the 1H NMR calculated loading. [b] 

Estimated by 1H NMR. 

 

No conversion was obtained in the absence of the photocatalyst and when bPS2 were 

employed (table 3-6, entries 1 and 3).[139] On the other hand, good conversion was noticed 

when using beads functionalised through the acyl chloride procedure (table 3-6, entries 2 

and 4). A lower loading of the photocatalyst in bPS2, as evinced by the lower relative 

intensity of the IR amide I band compared to bPS1 (figure 3-4), was suggested as the 

reason for the lack of catalytic activity. On the other hand, bPS1 provided a lower 

conversion than bPS3 (17 % and 100%, respectively). The different reactivity was 

ascribed to the capping reagents since XPS and NMR measures provided similar catalyst 

loading for bPS1 and bPS3. Benzoyl chloride was used for bPS1, while acetyl chloride 

for bPS3. The reported reduction potential for a pyrene derivative bearing a primary alkyl 
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amide functionality is Ep,red = -1.81 V vs SCE in CH3CN, while E1/2(PXX+/PXX*) =  

-2.00 V in the same conditions. Therefore, it could be envisaged that, upon excitation, 

PXX can reduce the aromatic electron-poor benzylamide molecules present on bPS1, 

quenching the catalyst reactivity more efficiently than the acetyl amide derivative on the 

surface of bPS3 (DMF shows a reduction peak at around 3 V vs SCE.). Interestingly, 

bPS3 reported a higher conversion (100%) than the one obtained in the homogeneous 

case using 3-2 (62%). 

The possibility of recovering the functionalised material after the reaction and reusing it 

for new batches of reagents was tested. The bPS3 resin was recollected by filtration after 

the reactions, dried and reused with the same experimental conditions, but no conversion 

was obtained even after 72 hours (figure 5-22). It was envisaged that the dye could get 

oxidised during the first reaction in the presence of a small amount of H2O or O2, 

becoming inactive for the following cycles.[127] It is reported that excited thioxanthone 

(*E1/2
red = +1.52 V vs SCE)[231] can abstract a benzyl hydrogen from the PS backbone, 

initiating a radical chain process that leads to the oxidation and cleavage of the polymer 

backbone.[232] Since *E1/2
red(PXX) = +0.60 V, it could be envisaged that a similar pathway 

can occur in this case too. In addition, the presence of 1O2 can play a role in the 

degradation of the PS chain.[233–235] Nevertheless, no 1O2 sensitisation measurements were 

performed on bPS3. 

Aiming to improve the stability of the system, in the next section, the studies performed 

to overcome the recyclability issue by changing both the dye and the polymeric scaffold 

are discussed. 

 PXX-functionalised PDMS beads 

3.2.1 Synthesis and photoredox properties of PXX bearing xylene and amide 

functionalities 

Upon light excitation in aerated solutions, the electron-rich PXX derivatives get easily 

oxidised, especially in the pseudo-meta and pseudo-ortho position to the oxygen 

atoms.[219] The ESPs maps plotted over the VdW surface of optimised PXX structure 

(figure 3-7) highlighted this tendency, showing an excess of negative charge on the rings 

that carry a proton in pseudo-ortho position to the oxygen atoms (black circles), thus 

making them more prone to oxidation. Moreover, excited PXX can sensitise 1O2 
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molecules, which can oxidise the compound forming aromatic ketones and 

endoperoxides.[219] 

 

Figure 3-7. ESP for PXX mapped on the Van der Waals surface up to an electron density of 0.001 
electron/bohr-3. The calculation was performed at the B3LYP-6-31+G** level in vacuum. 

Aryl groups can sterically hinder the reactivity against O2 molecules while creating a less 

reactive C-C bond.  Therefore, the increase of the photophysical stability of this class of 

dyes by functionalisation of the pseudo-para position to the oxygen with aryl groups is 

not surprising.[236] Building on this evidence, we planned the synthesis of PXX derivative 

3-10 (scheme 3-6) bearing a xylene moiety at one side. The other naphthyl core was 

functionalised with a hydroxy group to allow the anchoring to a polymeric support 

functionalised with a carboxylic acid derivative. For the first steps, the synthetic strategy 

exploited to synthesise the zigzag nanoribbons was followed (Chapter 2).[172] 
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Scheme 3-6. Synthesis of 3-10: a) 2,6-dimethylphenylboronic acid, K3PO4 (2.0 eq.), SPhos, 
[Pd(dba)2], 1,4-dioxane/H2O (5/1), 100 °C, 12 h (90%); b) BBr3 (1 M in CH2Cl2), CH2Cl2, 0 °C 
to rt, 12 h (90%); c) CuCl2, -methylbenzylamine, MeOH/ CH2Cl2, 0 °C to rt, 2 h (31%); d) CuCl, 
NMI, K2CO3, 120 °C, 20 h (56%); e) 1-dodecanethiol, NaOH, NMP, 130 °C, 4 h (not isolated). 
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Among the two naphthols required for the dimerisation reaction, 6-methoxy-2-napththol 

is commercially available, while compound 3-6 was synthesised in 90% yield by Suzuki 

reaction of 2-bromo-6-methoxynaphthalene with 2,6-dimethylphenylboronic acid using 

bis(dibenzylideneacetone)palladium(0), [Pd(dba)2], and SPhos as a ligand in a mixture of 

1,4-dioxane/H2O (5/1) at reflux (90%). Subsequent deprotection reaction of 3-6 using 

BBr3 in CH2Cl2 at 0 °C afforded compound 3-7 in 90%. The oxidative heterodimerisation 

reaction of 6-methoxy-2-napththol and 3-7 in a MeOH/CH2Cl2 mixture using CuCl2 gave 

binaphthol 3-8 as a yellow powder in 30% yield, since the formation of a statistical 

mixture of the three possible binaphthols affected the yield drastically.[172] Compound 3-

9, which was obtained in 60% by a double oxidative cyclisation of 3-8 following Kamei 

protocol[136], was reacted with 1-dodecanethiol in basic conditions providing compound 

3-10.[237] Compound 3-10 showed a very high tendency to degrade when purified by a 

short silica gel pad filtration, as suggested by the changing colour of the loaded packed 

column from yellow to brown. The fast degradation could be observed as well by keeping 

it in aerated solutions of CH2Cl2, THF or toluene under visible light for < 10 minutes. The 

presence of the electron-donating hydroxyl group was envisaged as the reason for the 

enhanced tendency upon oxidation. Due to the chemical instability of 3-10, we decided 

not to proceed further with the protocol. Conversely, the ideas behind the syntheses of 3-

10 and 3-2 were merged and derivative 3-13, bearing the xylyl moiety, but a less reactive 

C-C bond in place of the C-O bond was synthesised (scheme 3-7). 
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Scheme 3-7. a) CuCl2, -methylbenzylamine, MeOH/CH2Cl2 0° C, 12 h (31%); b) CuCl,  
NMI, K2CO3 m-xylene, 120 °C, 20 h (65%); c) [Pd(OAc)2], XPhos, K3PO4, 
4-(n-propylcarbamoyl)benzeneboronic acid, THF, reflux, 18 h, N2 (85%). 
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The same conditions used for the synthesis of 3-8 and 3-9 were employed for the 

dimerisation and planarisation steps, providing molecule 3-11, and successively molecule 

3-12, in 31% and 65% yields, respectively. The substitution of 6-methoxy-2-naphthol, 

employed for the synthesis of 3-5, with 2-bromo-6-naphthol allowed the Suzuki coupling 

reaction of 3-12 with 2-bromo-6-naphthol 4-(n-propylcarbamoyl)benzeneboronic acid 

using [Pd(OAc)2] and XPhos in a N2-purged anhydrous THF solution at reflux, achieving 

the synthesis of molecule 3-13 as a yellow solid in a good yield (85%). The photophysical 

and electrochemical characterisations for 3-13 are reported in figure 3-8 and table 3-7. 

 

Figure 3-8. A. Absorption and emission (λexc = 393 nm) spectra of 3-13 recorded in aerated 
CH2Cl2 at rt. B. CV of 3-13 in N2-purged CH2Cl2 at rt. Scan rate = 0.1 V/s. TBAPF6 was used as 
the electrolyte. 

Table 3-7. Photophysical and electrochemical data recorded in 3-13 for CH2Cl2. 

 Absorption Emission Electrochemistry[f]

Molecule 
max (nm) 

( [M-1cm-1]) 
max (nm) 

 
 (ns) 


 eV) 


E1/2

ox,1 


E1/2(M+/*M) 


3-13 446 (11440) 453[a]  8.4[c] 0.52 2.77[d] 0.79[e]  ~ -1.99  

[a] λexc = 393 nm. [b] Coumarin 153 in EtOH has been used as standard ( = 0.53).[174] [c] λexc = 
405 nm, λem = 470 nm. [d] Calculated from the intersection between the normalised absorption 
and emission spectra. [e] N2-purged CH2Cl2 at rt. Scan rate 0.1 V/s. TBAPF6 was used as 
electrolyte and the couple Fc+/0 as internal reference. [f] Values are reported vs SCE.[225] 

 

The xylyl group and the phenyl amide group in pseudo-meta position in 3-13 did not 

affect the absorption and luminescence energies compared to 3-2. The structured 

absorption was mirrored by emission in the blue region (λem = 453 nm, ) with a 

reduced Stokes shift (50 meV).  

In a similar fashion to other PXX derivatives bearing xylene groups in the pseudo-meta 

position to the oxygen (chapter 2), a longer luminescence lifetime than PXX is observed 

( = 8.4 ns). The explanation for this extended lifetime was not investigated further. 

A B 
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Nevertheless, a long-lasting excited state lifetime allowed additional time for the 

interaction with the reactants in solution, a property that could enhance the efficiency of 

the photoactivated processes. On the other hand, the electrochemical properties of 3-13 

were consistent with those of 3-2 and a reversible (figure 5-14) oxidation potential of 0.79 

V vs SCE was observed in CH2Cl2 (E1/2
ox,1(PXX) = 0.77 V vs SCE), with a 

photooxidation potential around -2 V vs SCE.  

Even though the photophysical properties minimally differed from those of 3-2, when  

3-13 was reacted with 4BrAP under the conditions shown table 3-6, a higher conversion 

of 91% in 24 h was reported (60% was observed for 3-2). This was attributed to the longer 

lifetime of the excited state of 3-13 ( = 8.4 ns) compared to 3-2 ( = 4.4 ns). 

It was envisaged that partial degradation of PS could occur during the reaction with 

4BrAP and this could have in turn limited the recyclability of the devices. Therefore, the 

PS resin was substituted with (3-aminopropyl)triethoxysilane (APTES) functionalised 

poly(dimethyl)siloxane (PDMS) beads. The properties of PDMS and the production of 

the microspheres are reported in the next section. 

3.2.2 Production and photoredox properties of functionalised PDMS beads  

Poly(dimethyl)siloxane (PDMS) is a silicon elastomer that has been widely used in 

biological and microfluidic applications.[238,239] Compared to PS, it shows more 

transparency to visible light and, to our knowledge, no cases of photooxidative 

degradation are reported, except when the material is irradiated with far UV light (172 

nm).[240] As reported in chapter 1, dyes could be trapped inside the PDMS structure 

without altering their photophysical characteristics.[62,241] Among all the applications, 

PDMS was used to generate microfluidic channels and microspheres. Due to the strong 

Si-O-Si network, PDMS is chemically unreactive and a pre-functionalisation of the 

surface has to be carried out to allow the dye-loading by covalent bonding.[242] Several 

methods have been developed for activating the PDMS surface, mainly using oxygen 

plasma guns or hydrolysis of the Si-O-Si bond by acid and basic treatments.[243] A basic 

activation followed by anchoring of an amine functionality to form an amide bond with 

an acyl chloride derivative of PXX was chosen. To this end, 3-

aminopropyltriethoxysilane (APTES) was anchored to the surface of the preformed 

PDMS microspheres, providing reactive NH2 groups. Conversely to PS resins, PDMS 

microspheres are not commercially available and have to be produced. We used a kit 
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containing the silicon base elastomers and the curing agent provided by Dow (DowSyl 

184®). The formulation of the kit components is not disclosed. Nevertheless, it is reported 

that the base is composed of dimethylsiloxane oligomers with vinyl end groups (>60%), 

silica filler (dimethylvinylated and trimethylated silica, 30–60%), 

tetra(trimethylsiloxy)silane (1–5%), ethylbenzene (<1%) and a platinum catalyst, while 

the curing agent by a cross-linking agent (dimethyl hydrogensiloxane, 40–70%) and an 

inhibitor (2,4,6,8-Tetramethyl-2,4,6,8-tetravinylcyclotetrasiloxane, 1–5%).  

A rapid method was developed to produce gram scale PDMS beads by emulsifying PDMS 

oligomers and H2O, implementing an already reported procedure (figure 3-9).[244] A 

mixture of PDMS elastomer containing a 10% (w/w) of curing agent was gently mixed 

in a vial for 5 minutes at room temperature to allow homogeneous dispersion of the curing 

agent and initiate a first pre-polymerisation (confirmed by the formation of H2 bubbles). 

H2O was added and the mixture vortexed for 10 mins, forming a milky white emulsion 

that was then poured in fast-stirring boiling H2O for curing. The beads were then filtered, 

washed with EtOH and Et2O, and dried overnight at 60 °C. Part of the emulsions in H2O 

tend to coalesce, generating films and irregular agglomerates. The protocol was optimised 

by tuning the H2O-to-PDMS volume ratio, vortexing time, volume of curing boiling H2O 

and by addition of surfactant (sodium dodecyl sulphate, SDS), as reported in table 3-8. 

 

Figure 3-9. General procedure to produce PDMS beads by emulsification. Phase A (PDMS and 
curing agent) and aqueous phase B are mixed to form an emulsion that is then poured into stirring 
H2O (C) at 100 °C. Beads were filtered, washed with several solvents and dried. Optical 
microscope image of the beads is reported.  

 

 

 

 

200 m 



Chapter 3 

Cardiff University 89 School of Chemistry 

Table 3-8. Optimisation of the experimental conditions for the synthesis of bPDMS0. 

 

As reported in the table, the volume ratio between emulsion (A+B) and curing (C) 

strongly influenced the production of the beads (table 3-8, entry 3 and 4). The lower the 

ratio, the more efficiently the emulsion was dispersed, avoiding the aggregation before 

the curing was completed. On the other hand, the substitution of H2O with 0.5% aqueous 

SDS solution was not remarkably affecting the production yield (table 3-8, entry 4 and 

5). A more efficient dispersion was obtained when the emulsion was withdrawn with a 

syringe and slowly poured into a higher volume of stirring H2O (entry 6) through a  

0.8 mm diameter needle. This protocol increased the total yield from 50% to 80%. The 

surface of bPDMS0 was characterised by FTIR-ATR spectroscopy (figure 3-10). 

 

Figure 3-10. FTIR-ATR spectrum of bPDMS0. 

Entry A[a] B 
A+B 
(mL) 

A/B 
(V/V) 

Vortex 
(min) 

C 
(mL) 

Stir 
(min) 

Y[b] 

1 
PDMS:C.A 

(10:1) 
H2O 2 1:3 10 H2O (10) 10 10% 

2 
PDMS:C.A 

(10:1) 
H2O 21 1:20 10 H2O (20) 30 2% 

3 
PDMS:C.A 

(10:1) 
H2O 2 1:3 10 H2O (20) 30 5% 

4 
PDMS:C.A 

(10:1) 
H2O 4 1:3 10 H2O (200) 30 50% 

5 
PDMS:C.A 

(10:1) 
0.5% 

SDS(aq) 
11 1:10 10 

0.5% SDS(aq) 
(200) 

30 55% 

6 
PDMS:C.A 

(10:1) 
0.5% 

SDS(aq) 
21 1:20 10 

0.5% SDS(aq) 
(400) 

30 80%[c] 

[a] C.A. = curing agent. [b]Yield obtained by the mass ratio between A and the obtained dry 
beads after manually eliminating bigger films and aggregates. [c]The emulsion was poured into 
the curing solution using a 15 mL Luer-lock syringe equipped with a 0.8 mm diameter needle. 
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The spectrum resembled the one already reported for PDMS surfaces.[245–247] The two 

signals at 2963 and 2905 cm-1 were assigned to the CH stretching of CH3 groups. All the 

remaining peaks are assigned to vibrations relative to the Si-O bond: the signals at  

1258 cm-1 and between 800 and 700 cm-1 were generated by the symmetric bending and 

rocking of the methyl group in the Si-CH3 bond and the two broad, intense peaks at 1011 

and 1057 cm-1 to Si-O-Si bonds vibrations. Optical transmittance microscopy and SEM 

analysis were also carried out (figure 3-11). The pictures confirmed the spherical 

morphology of the beads and the very high polydispersity, with diameters ranging 

between 1 m and 100 m. No interparticle entanglements that could deform the 

morphology of the beads were detected. This was probably due to the low intermolecular 

London dispersion forces associated with the compact methyl groups of PDMS.[248] 

 

Figure 3-11. Optical microscopy (A) and SEM image (B) of bPDMS0. 

The beads functionalisation with APTES followed the procedure already reported by Beal 

et al.[243] Due to the high tendency of the beads to stick to the glassware surface, it was 

envisaged that the use of a plastic filtration column would help the handling of the beads, 

since it allows direct filtration of the reactants without any bead transfer (details in chapter 

5). bPDMS0 were reacted with a 1/2 (v/v) APTES/EtOH solution and after filtration with 

a 33% aqueous NH3 solution. The beads were filtered, washed with H2O, EtOH and Et2O 

and dried at 60 °C overnight (bPDMS1). At first, the presence of the NH2 groups was 

assessed by a Kaiser test with ninhydrin.[249] FTIR-ATR spectra were recorded for 

bPDMS1 and compared to bPDMS0, showing the formation of a broad band at around 

3500 cm-1, assigned to the stretching of NH2, along with additional signals between 1500 

cm-1 and 1450 cm-1 due to the C-N stretching (figure 5-20).[243]  

The acyl chloride derivative of 3-13, compound 3-16 was then coupled to bPDMS1 

(scheme 3-8 and chapter 5). 
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Scheme 3-8. Synthetic conditions for the coupling between 3-16 and bPDMS1: a) CH2Cl2, rt, N2, 

1. NEt3, 18 h; 2. CH3COCl, NEt3, 4 h. 

The bPDMS1 beads were directly poured into a CH2Cl2 solution of 3-16, followed by an 

excess of Et3N and stirred under N2 overnight. Et3N was used to avoid the protonation of 

the APTES amine and react with the HCl generated as a reaction by-product. After the 

previous results on PS beads, only acetyl chloride was used as a capping agent. The 

yellow beads were then filtered, washed with CH2Cl2, EtOH and H2O and dried overnight 

in the dark at 60 °C (bPDMS2, figure 3-12). 

 

Figure 3-12. A. Picture of bPDMS2 under visible light and B. bPDMS2 under UV lamp  
(λexc = 254 nm) 

The ATR-FTIR analysis (figure 5-22) showed the disappearing of the amine bands 

present in bPDMS1 at 1500 cm-1 and 3500 cm-1, while a broad signal at 3300 cm-1 typical 

for the N-H stretching in solid samples of secondary amides appeared.[228] Similarly to 

the bPS case, to get more precise detail on the topology of the beads surface, XPS spectra 

were recorded for bPDMS0, bPDMS1 and bPDMS2, focusing on C1s, O1s, N1s and 

Si2p. In figure 3-13 the N1s spectra are reported.  
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Figure 3-13. XPS N1s spectra for A. bPDMS0; B. bPDMS1; C. bPDMS2 showing the 
experimental trace (black), the overall envelop generated by the fitting of the signals (green) and 
singular fittings for C atoms (blue and red). 

Table 3-9. Peak values for N1s electrons from the fitting reported in figure 3-13. 

Entry Device B.E. (eV) 

A bPDMS0 - 
B bPDMS1 398.91 
C bPDMS2 399.42 

401.34 

 

As expected, no N1s signal was observed for bPDMS0 and a single peak is observed for 

the sample containing bPDMS1 (398.91 eV) due to the NH2 groups of APTES. From the 

peak fittings of the bPDMS2 signal, two peaks were obtained. The first one, at 399.42 

eV, is ascribable to the remaining free NH2 groups. The other peak at 401.34 eV most 

likely originated from the presence of a secondary amide nitrogen species, formed from 

the anchoring of the photocatalyst with the surface of the beads. Quantification of the 

presence of the species was not possible due to the low intensity and resolution of the 

signals.viii  

Dry bPDMS2 beads were analysed by confocal microscopy. Compared to fluorescence 

spectroscopy, confocal microscopy provided more detailed information on the topology 

distribution of the PXX derivative on the surface and whether the functionalisation on the 

surface affects the photophysical behaviour of the chromophore. The preliminary images 

qualitatively showed an isotropic emission from the surface of the beads (figure 3-14). 

The GFP filter was used to cut off part of the autofluorescence on the bPDMS0 observed 

by optical microscopy. 

 
viii The loading was calculated by recording the 1H NMR spectrum of the filtrated solution after the coupling 
reaction in the presence of tetrachloroethane (TCE) as internal standard, providing a loading of 0.16 
mmol/g. 

A B C 
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Figure 3-14. Confocal images of dry bPDMS2 beads. A. exc = 405 nm, GFP filter (525 nm, 50 
nm bandwidth) B. transmittance mode; C. overlap. 

The luminescence spectrum of bPDMS2 (exc = 405 nm) was recorded collecting the 

emission employing all the available channels from λ = 420 nm to 680 nm. The 

chromophore showed a broad emission band between abs = 420-680 nm with two 

maxima at λmax = 460 nm and λmax = 510 nm. The luminescence spectra were recorded by 

averaging the emission from the pixels mapped in several regions of the surface (central 

part, border and overall the visible bead surface), showing similar spectra envelopes 

(figure 3-15).  

 

Figure 3-15. A. confocal images of bPDMS2 (λexc = 405 nm); B. emission spectra obtained 
averaging the emission spectra of highlighted regions (λexc = 405 nm).  

The slight reduction of the peak at 460 nm compared to that centred at 510 nm when the 

border of the bead is excited (orange trace, figure 3-15) could be derived from the self-

absorption due to the transparent thin border of the surface, that allowed the excitation of 

chromophores located at the two sides of the bead. Fluorescence lifetime images 

(FLIM)[250] were also recorded in different regions of the bPDMS2 surface, and the 

results are shown in figure 3-16. In a FLIM image, the colours are related to the value of 

the decay time in that specific point and do not represent the emission colour, while the 

brightness is directly related to the density of photons collected from that region.  

A B 

A B C 
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Figure 3-16. FLIM image recorded for bPDMS2. The colour is related to the emission lifetime 
value recorded in the point following the colour legend on the right. The colour intensity is related 
to the different number of photons collected from a single point (exc = 405 nm, em = 500 nm). 

The lifetimes () were ranging from  = 1.8 ns (blue dots) to  = 2.3 ns (red dots), but 

mainly around  = 2 ns (green colour). Emission decays calculated by averaging the 

contributions from different parts of the surface of the beads were recorded. The decays, 

together with the analysed surfaces, are reported in figure 3-17 and summarised in table 

3-10. 

 

Figure 3-17. FLIM luminescence decays (black dots), IRF (blue dots) and fitted exponential 
decay (red line) with correspondent residuals (exc = 440 nm) for the highlighted regions (red 
circles) on the surface of the bead. 

 

4 3 
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Table 3-10. Calculated fluorescence lifetimes for the numbered regions reported in figure 3-17. 

Region  (ns) 
1 1.88 
2 1.97 
3 1.80 
4 1.86 
5 1.96 

 

The failed attempts to obtain accurate fittings of the lifetime decay with monoexponential 

exponentials (figure 3-17) suggest the presence of several different emission decays. 

Nevertheless, an average lifetime of  = 1.89 ± 0.09 ns was calculated based on the 

estimated  reported in table 3-10. By comparison, the lifetime in aerated CH2Cl2 solution 

for 3-13 is   = 8.4 ns, with a decrease of around 78%. A fluorescence self-quenching due 

to intermolecular interactions favoured by the packing of the dye on the surface of the 

beads could be a possible explanation for the reduced lifetime. Similar behaviour was 

already observed for chromophores dispersed at high concentrations in polymers.[251] 

Also, the absence of solvation influences the excited state behaviour. 

The results of the beads’ activity in the debromination reaction of 4BrAP are reported in 

table 3-11. 

Table 3-11. Scheme for the photoactivated debromination reaction of 4BrAP and conversion 
efficiency using bPDMS0 and bPDMS2 as photoactivate materials. 

 

 

No conversion was reported in the absence of photocatalyst (bPDMS0), while bPDMS2 

afforded 100% conversion in 24 h. It is worth highlighting that the reaction yield dropped 

drastically upon in the presence of O2.[252] Also, if the reaction was carried using the 14 

W LED, yields of 60% were reported in 24 h. This is in accordance with the 100% yield 

using the 30 W LED. After the reaction, bPDMS2 were filtered off, washed with CH2Cl2 

Entry  bPDMSn % mol (PC)[a] Time Conversion [b] 

1 bPDMS0 0% 24 h No conv. 

2 bPDMS2 10% 24 h 100% 
[a] Concentration of the photocatalyst (PC) based on the 1H NMR calculated loading.  
[b] Estimated by 1H NMR. 
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and ACN and reused for new batches of reactants. Catalytic activity of up to 3 cycles was 

observed (figure 3-18) and the conversion was halved after every cycle. This trend 

suggested that no excess of photocatalyst was employed during the first reaction. Since a 

partial degradation or leak of the photocatalyst occurs during each reaction, consistent 

reaction conversions for each cycle would not provide information on the minimum 

amount of catalyst required to trigger the reaction and the degradation would only reduce 

the dye in excess. 

 

Figure 3-18. Evaluation of recycled bPDMS2 performance.  

The loss of reactivity could be explained by the degradation of the anchored dye, which 

gets inactivated during the reaction. In addition, to verify whether the dye was released 

in solution, an absorption spectrum of the reaction crude after cycle 4 was recorded. The 

dye detachment was measured to be around 1% (details in figure 3-19). Since a PC 

loading of 10 %mol was employed, the calculated leak corresponds to a concentration in 

solution of 0.1 %mol. 

  

Figure 3-19. Absorption spectra after cycle 4 of the debromination reaction using bPDMS2 
(green trace), acetophenone (red trace) and 4BrAP (blue trace). The extent of the dye leak was 
calculated using the extinction coefficient measured for 3-13 in solution at λmax = 448 nm. The 
concentration obtained was compared to the total beads loading calculated by NMR. 

Cycle PC [PC] Time Conv.[a] 

1 bPDMS2 10% 24 h 100% 

2 bPDMS2 10% 24 h 60% 

3 bPDMS2 10% 24 h 30% 

4 bPDMS2 10% 24 h Traces 
[a] Estimated by 1H NMR. TCE has been 
used as internal standard and the intensity of 
the peaks compared. 
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3.2.3 Synthesis and loading on PDMS and PS beads of an optimised PXX derivative 

The detachment of the dye from the polymer during the reaction could hamper the 

possibility to recycle the devices and reduce their efficiency in initiating photoreactions. 

In addition, the released species could act as homogeneous photocatalysts and not allow 

a quick separation from the reaction mixture once the reaction is complete. XPS measures 

confirmed the formation of covalent bonds between the polymeric surface and the PXX 

derivatives. The presence of adsorbed dye could be ruled out since beads were washed 

several times with dye-solubilising solvents before the reaction. Therefore, we envisaged 

that the light excitation of PXX derivatives 3-2 and 3-13 could favour a charge separation 

in the carbonyl radical generating a ketyl radical, whose reactivity could lead to bond 

cleavage.[253] If this is the case, the presence of a fully conjugated molecular structure 

connected to the carbonyl functionality by a C-C sp2 bond could favour this type of 

reactivity. To verify the modifications in the orbital distribution upon photon absorption, 

theoretical calculations were performed. The structure of an ethyl amide derivative of  

3-2, (3-2t) was optimised in vacuum at the B3LYP/6-31+G** level of theory. HOMO 

and LUMO orbitals were mapped (figure 3-20) and relative energies were reported (table 

3-12).  

 

Figure 3-20. HOMO and LUMO orbitals plotted over the optimised structure of 3-2t at the 
B3LYP/6-31+G** level of theory. 

Table 3-12. Calculated frontier orbitals energy for the optimised structure in vacuum of 3-2t at 
the B3LYP/6-31+G** level of theory. 

Orbital Energy/ eV EHL 
HOMO -5.024 eV 

3.254 
LUMO -1.770 eV 
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The differences in the HOMO-LUMO gap between the two frontier orbitals of 3-2t (3.254 

eV, 381 nm) and of 3-2 in CH2Cl2 solution of 2.74 eV (452 nm) were assigned to the 

solvent interactions, which were not considered in the calculations. A qualitative 

evaluation of the mapped orbital surface showed an electronic conjugation over the  

-system, including the aryl moiety. No orbital contribution on the carbonyl group is 

observed for the HOMO, while the LUMO orbital is extending over the carbonyl group. 

The contribution of the carbonyl group to the orbital was focused on the oxygen and 

carbon atom and not spread along the bond, supporting the hypothesis that a ketyl radical 

could be generated upon light excitation. Therefore, a way to improve the molecular 

anchoring could be by avoiding the electronic delocalisation over the carbonyl group by 

breaking the electronic conjugation. One of the most applied ways to break the electronic 

delocalisation is the addition of saturated carbon atom chains within the -system, since 

they lack in p orbitals available for the delocalisation[254] (even though s conjugation could 

play a role in electronic transport too).[255] Geometry optimisation in vacuum and orbital 

energy calculation of 3-17t, a 3-2t derivative bearing a CH2 spacer between the phenyl 

group and the carbonyl group was performed and the results are shown in figure 3-21 and 

table 3-13. 

 

Figure 3-21. HOMO and LUMO orbitals plotted over the optimised structure of 3-17t at the 
B3LYP/6-31+G** level of theory. 

Table 3-13. Calculated frontier orbitals energy for 3-17t performed at the B3LYP/6-31+G** level 
of theory. 

Orbital Energy/ eV EHL 

HOMO -4.998 eV 
3.247 

LUMO -1.751 eV 
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The calculated E(H-L) = 3.247 eV (382 nm) for 3-17t is very similar to that calculated 

for 3-2t, with similar energy positions for the HOMO and LUMO orbitals. Conversely to 

3-2t, no orbital contribution was present on the carbonyl group both for HOMO and 

LUMO. Therefore, the CH2 bridge can effectively break the electronic conjugation upon 

excitation between the aryl group and the carbonyl group, suggesting higher stability of 

the anchoring upon light excitation. 

Supported by the theoretical calculations, a new series of derivatives bearing a CH2 bridge 

between the phenyl and carbonyl moiety were synthesised (scheme 3-9). The synthesis 

followed that already reported for derivative 3-5, but in this case (4-(2-Methoxy-2-

oxoethyl)phenyl)boronic acid was used for the coupling (scheme 3-9). 

 

Scheme 3-9. a) (4-(2-Methoxy-2-oxoethyl)phenyl)boronic acid, [Pd(OAc)2], XPhos, K3PO4, 
THF, reflux, 18 h, N2; b) KOH, THF/MeOH (4/1), rt, 18 h (91%); c) oxalyl chloride, CH2Cl2, 3 
h, rt. 

Developing on the results obtained for 3-13 and 3-2, where the functionalisation was not 

affecting the PXX core photophysical properties, we used the acyl chloride derivative 3-

20 for the coupling with both bPS0 and bPDMS1. Acetyl chloride was used in both cases 

as a capping agent (bPS4 and bPDMS3). The emission spectra of the functionalised 

beads showed similar features to those reported previously, confirming the presence of 

the photocatalyst on the surface (figure 5-15). In addition, by IR and XPS studies on bPS4 

(figure 5-21 and figure 5-23), the amide bond formation with both the photocatalyst and 

the acetyl chloride was verified. Compared to bPS3, XPS analysis reported a higher PXX 

to acetyl chloride and PXX to remaining free NH2 groups ratio (52.7% vs 76.7%, 

respectively, figure 5-23). bPS4 and bPDMS3 were employed in the photoactivated 

debromination of 4BrAP and the results are reported in table 3-14. 
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Table 3-14. Scheme for the photoactivated debromination reaction of 4BrAP and conversion 
efficiency using bPS4 and bPDMS3 as photoactivated molecules. 

 

 

Lower yields than those reported for bPS3 and bPDMS2 were obtained. In addition, no 

conversion was obtained when the reaction was performed again using new batches of 

bPS4 and reagents. Since the photocatalyst loading on the beads was confirmed by 

fluorescence spectroscopy and XPS, several could be the explanations for the lack of 

reactivity. The presence of the CH2 spacer could modify the orientation of the loaded 

photocatalyst on the surface of the bead, modifying the reactants accessibility and the 

PET efficiency. Also, the presence of a push-pull system visible from the HOMO and 

LUMO orbital contributions reported in figure 3-20 for 3-2t, which is less evident in 3-

17t, could have an impact on the catalyst reactivity. On the other hand, poor 

reproducibility could derive from the high O2 sensitivity of the reaction.[139] Moreover, 

photoredox reactions are strongly influenced by a small variation in experimental 

conditions (e.g., LED intensity, temperature).[252] In the case of bPDMS3, a lower 

photocatalyst loading could have occurred, as suggested by the lower extent of self-

absorption observed in the emission spectra for the first emission band (figure 5-15). The 

polydispersity of bPDMS0 could have affected the dye accessibility to the solvent and 

the dye loading too.  

The following section reports the design and use of microfluidic systems both for a size-

controlled production of PDMS microspheres and for the development of an efficient 

photocatalytic recyclable system. 

Entry  PC PC % mol(PC)[a] Time Conversion [b] 

1 bPS4 3-20 10% 40 h 77% 

2 bPDMS3 3-20 10% 24 h traces 
[a] Concentration of the photocatalyst (PC) based on the 1H NMR calculated loading. [b] 

Estimated by 1H NMR. 
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 Microfluidic chips for PDMS bead production and photocatalysisix 

Microfluidics reactors were widely employed in the last decades in different fields of 

chemistry due to their ability to outperform traditional "flask" chemistry in several types 

of transformations.[256–258] The advantages of microfluidics come from more precise 

control of the reaction microenvironment that allows a faster optimisation of the reaction 

parameters, decreasing the required solvent volume and waste produced, along with better 

mixing and heat dissipation.[259,260] In the case of photoactivate transformations, the large 

surface-to-volume ratio of microfluidic reactors and the small light-path length afford 

more efficient and uniform irradiation.[261] Microfluidics has been employed in several 

categories of photochemical transformations, both by direct irradiation of the reactants 

(often with UV light),[262] by irradiation of metal[259,263] and organic photosensitiser[264], 

or employing nickel complexes in dual photoredox catalysis.[265] Few examples of 

solid/liquid supported photochemistry have been reported, employing functionalised 

TiO2 nanoparticles in bed-packed reactors[266] or porphyrin-functionalised amberlite resin 

for singlet oxygen production.[267] In all the reported cases, microfluidics allowed more 

efficient and fast processes compared to the bulk counterparts.  

We envisaged that the possibility of reducing the irradiation time and controlling the 

reaction parameters precisely could allow less photocatalyst degradation, enhancing the 

recyclability. The main idea is to fill a microfluidic reactor with the PXX-functionalised 

beads and flow inside the chip the reactant solution while irradiating with blue light. 

The PDMS beads produced by emulsification showed high polydispersity (section 3.2.2), 

while the reduced height of the microfluidic channel (110 m) allowed to accommodate 

just small, narrowly polydisperse beads.[268] PDMS beads with narrow polydispersity 

could be produced by microfluidics technique. To this end, a 3-to-1 flow-focusing droplet 

generator device was fabricated using the already reported method (chapter 5)[61,269] and 

exploited to produce emulsions of oligomeric PDMS droplets that, once cured, became 

solid polymer microspheres.[61,270] HPLC tubing was connected to the chip and a mixture 

of PDMS/toluene (1/1 v/v) and a 0.5% aqueous solution of SDS were flushed from the 

two inlets, respectively (figure 3-22). 

 
ix Microfluidic reactor and beads production have been carried out in collaboration with Dr Sasha Cai 
Lescher Perez and Alex MacMillan during my 2-month visiting period in Elvesys, Paris.  
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Figure 3-22. Scheme of the design of the 3-to-1 flow-focusing chip used to produce the PDMS 
microbeads and optical microscopy images of the cured beads. 

Calibration of the relative injection pressures from the two inlets until no turbulences 

occurred allowed the formation of PDMS microdroplets, which were then cured overnight 

at 60 °C. Reduced polydispersity with an estimated diameter ranging between 130-150 

µm (bPDMS0m) was afforded.  

While PDMS physical proprieties allow facile fabrication of beads and chemical 

functionalisation, CH2Cl2 and other organic solvents tend to diffuse through the polymer, 

swelling it.[60] If the increasing dimension of the beads could be taken into account in the 

chip design, the PDMS packed-bed reactor used for the reaction could get deformed and 

breakages occur. Conversely, Fluoroflex, a soft thermoplastic fluoroelastomer, has got a 

wider range of solvents compatibility and a much lower swelling ratio, along with good 

optical transparency in the visible range. Alex McMillan and Dr Lesher-Pérez from 

Elvesys worked on developing the reactor, reported in figure 3-23.[271] 

 

Figure 3-23. Optical microscope image of the Fluoroflex channel exploiting pillars to stop and 
allocate the beads, allowing reaction mixture flushing. 

The channel was filled with a 0.5% SDS solution containing bPDMS0m using a 

needleless syringe. The pillars assured that the beads remained blocked within the chip 

while the solution could flow out (figure 3-24). 
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Figure 3-24. Fluoroflex channel filled with bPDMS0m. The pillars have been highlighted with 
black rectangles. Red ticks are drawn every ~0.5 cm. 

Since the pressure required to allocate the beads within the channel increased with 

increasing beads loading, with the risk of breaking the chip, the channel was not fully 

filled. A first test functionalisation of the beads within the chip was carried out following 

the protocol already reported by Kiziel et al.[272] The beads were first functionalised with 

APTES and then an amide bond was established in H2O with the carboxylic functionality 

of eosin Y, employing Woodward reagent K as a coupling reagent (figure 3-25). The 

channel was then flushed with CH2Cl2, toluene, EtOH and dried at 60 °C overnight. The 

irradiation of the beads with a 440 nm light source provided the characteristic green 

emission of eosin Y (figure 3-25). 

a)

OH

O
Br

O
Br

O

Br

OH
Br

Eosin Y (em = 546 nm)
 

Figure 3-25. Functionalisation of bPDMS0m with eosin Y inside the microfluidic reactor: a) 1. 
25% APTES(aq); 2. 33% NH3; 3. Eosin Y, Woodward K, H2O. 

The functionalisation procedure did not provide an isotropic loading of the dye over the 

surface of the beads (figure 3-21, right) and blocks of beads stuck together were formed. 

The groups of beads were most likely formed during the APTES functionalisation, where 

the silanol groups could have bridged beads together. Loading the reactor with beads 
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previously functionalised with the dye solved this issue. A similar Fluoroflex chip was 

loaded with bPDMS2m, (i.e., bPDMS0m beads functionalised following the same 

procedure reported for bPDMS2, see chapter 5). We observed that a small extent of beads 

loading (around 20% compared to the length of the channel) was enough to require for 

the flushing of the reactant solution a too high a pressure for the connectors to stand, 

causing their detachment from the chip. 

Nevertheless, the Fluoroflex reactor without the connectors was filled with the reaction 

mixture for the debromination reaction directly with a syringe, sealed and irradiated while 

kept inside a flask under N2. No conversion was detected by GC analysis after 20 hours. 

Considering the variability and sensitivity of this system, several could be reasons for the 

reaction not to occur. Firstly, the chip without the connectors probably could not maintain 

the N2 atmosphere and the inert atmosphere kept inside the flask was not enough for the 

catalyst reactivity to not get quenched. Secondly, the amount of beads within the chip was 

probably not enough to produce a detectable quantity of product.  

Further trials varying the dimension ratio between the beads and the channel have to be 

tested to allow the flushing of the reaction mixture through the connectors into the 

channel, allowing better control of the reaction environment. 

3.3.1 Toward an in series microfluidic chips system for light-activated reactions 

In chapter 2, the use of PXX and PXXMI to afford a 2-stage chemoselective 

debromination of 2,4’-dibromoacetophenone is reported. In the same fashion, beads 

functionalised with different photocatalysts could be envisaged to afford multi-stage 

photo transformations. This could be afforded in bulk by loading different types of 

functionalised beads and selectively activating them using different light excitations 

(figure 3-26, top). Moreover, different microfluidic packed-bed reactors could be filled 

with different functionalised beads and be connected in series (figure 3-26, bottom). 
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Figure 3-26. Design of bulk (top) and microfluidic (bottom) systems for multistep photoreaction. 

This last section of the chapter reports the synthesis and photophysical characterisation 

of a PXXMI-derivative that can be potentially attached to a solid carboxylic-

functionalised polymeric support. The attempted synthesis of 3-22, a PXXMI derivative 

bearing triethoxysilane groups that could afford the direct anchoring to a PDMS surface 

is reported in scheme 3-10. 
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a)

3-21 3-22  

Scheme 3-10. a) 1,4-dioxane, APTES, 100 °C, 18 h. 

Binaphthol anhydride was reacted with (APTES) in 1,4-dioxane overnight at 100 °C. 

However, it did not lead to the desired compound, probably because the basic 

environment and the high temperature required for the reaction could initiate a 

polymerisation process of the triethoxysilane groups, not allowing the isolation of the 

compound.[273] Building on the imide protocol to form an amide bond, a PXXMI 

derivative bearing a free amine moiety was prepared (scheme 3-11). The compound could 

be coupled to a commercially available carboxylic functionalised PS bead.  
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Scheme 3-11. Synthesis of compound 3-26: a) di-tert-butyl dicarbonate, THF, 0 °C to rt, 24 h; b) 
3-3, 1,4-dioxane, reflux, 24 h (73%); c) CuCl (5%), NMI, m-xylene, 140 °C, 3 h (75%); d) 
TFA/CH2Cl2 (1/4), TIPS, rt, 2 h (90%). 

The synthesis afforded 3-26 in 4 steps. The first reaction between binaphthol anhydride 

and the mono N-boc-protected ethylenediamine 3-23 in 1,4-dioxane at reflux for 24 hours 

gave 3-24 in 73% yield. Ring-closing reaction with CuCl (5% mol) and N-

methylimidazole in m-xylene at 140 °C for 3 hours afforded compound 3-25 in 75% yield. 

A final acidic deprotection in a mixture of CH2Cl2\TFA (1\4) in the presence of 

triisopropylsilane (TIPS) as cations scavenger led to 3-26 in 90% yield. Considering the 

possible oxidations of the amine group under air in compound 3-26,[274] only the boc-

protected derivative 3-25 was photophysically and electrochemically characterised in 

CH2Cl2 (figure 3-27). 

          

Figure 3-27. A. Absorption (red), emission (black, exc = 470 nm) and excitation spectra (blue 
dashed, em = 620 nm) for 3-25 in an aerated CH2Cl2 solution at rt. B. CV of 3-25 recorded in an 
N2-purged CH2Cl2 solution at rt. TBAPF6 has been used as electrolyte. Scan rate 50mV/s. The 
couple Fc+/0 was used as the internal standard. 

A 

B 
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Compound 3-25 showed photophysical and electrochemical properties very similar to 

other PXXMI derivatives,[139,141] with a first absorption band in the green region with a 

maximum at max = 534 nm, assigned to a singlet manifold ,* transition, and a mirror-

like emission with a maximum at em = 568 nm.[137] No phosphorescence was detected 

even at low temperature (77K).[131] The presence of a reversible oxidation at 0.73 V vs  

Fc +/0 and reduction at -1.67 V vs. Fc+/0 demonstrated the good electron acceptor 

properties of the compound. The calculation of the oxidation and reduction potentials of 

the singlet excited state, based on E00 = 2.25 eV provides E1/2(*M/M+) = -1.51 V and 

E1/2(*M/M-) = 0.59 V, suggesting the applicability of 3-25 as promising photooxidant 

candidate. Additional studies will follow for the coupling of 3-26 to PS resins bearing a 

carboxylic functionality and its test in multistep heterogeneous photoactivated 

transformations. 

 Conclusions and outlook 

In this chapter, the photoredox properties of novel organic PXX derivatives in solution 

and covalently loaded to PS or PDMS polymeric surfaces have been discussed and 

compared. Supported by the literature data, the main hypothesis was that the exploitation 

of a solid/liquid interface formed by covalent anchoring of the dye to the polymeric 

surface could generate functionalised materials that can improve the stability and the 

recyclability of the photocatalyst. 

The structural modifications of 3-2 and 3-13 did not remarkably modify the photophysical 

properties in solution compared to PXX. In addition, 3-2 and 3-13 showed similar 

absorption and emission energies (Eabs = 0.02 eV and Eem = 0.03 eV), along with 

consistent luminesce quantum yield ( = 0.52 and 0.62 for 3-13 and 3-2, respectively). 

Similar observations were reported for the electrochemical properties. On the other hand, 

the different fluorescence lifetime between 3-2 ( = 4.4 ns) and 3-13 ( = 8.4 ns) was 

envisaged to be responsible for the different photocatalytic efficiencies of the two 

derivatives in the photodebromination reaction of 4BrAP (91% and 60%, respectively). 

Different anchoring procedures were optimised and 3-2 was anchored to commercially 

available bPS0 beads, while 3-13 was attached to PDMS microspheres produced using 

two different methodologies. ATR-IR, XPS and confocal microscopy analyses were 

performed to understand the nature of the linking and the effects that the bonding had on 



Chapter 3 

Cardiff University 108 School of Chemistry 

the dye's photophysical properties. Complex lifetime decays recorded by confocal 

microscopy suggested the presence of different excited state decay pathways for the 

anchored dyes. Also, a decrease of the average fluorescence lifetime ( = 1.89 ± 0.09) for 

the loaded dye compared to the homogeneous case was observed. Nevertheless, when 

used in photodebromination reactions, the functionalised materials showed higher 

conversion yield compared to homogenous solutions, but the yield was strongly 

influenced by different polymer types, anchoring methods and capping reagents. 

However, product conversion up to 30% after three cycles of catalyst recycling was 

obtained in the case of bPDMS2. 

Aiming to further improve the stability of the anchoring, theoretical calculations were 

performed and an optimised PXX derivative was synthesised and successfully anchored 

to both PS and PDMS resins. The functionalised materials showed reduced activity in the 

debromination reaction of 4BrAP, probably due to a different orientation of the dyes on 

the bead surface. 

To finely control the reaction parameters and further improve the efficiency of the 

process, a fluoroflex microfluidic packed-bed reactor was filled with functionalised beads 

and the photoredox properties of the system were tested in the photodebromination of 

4BrAP, but no conversion was obtained.  

Ultimately, in the last part of the chapter, a novel PXXMI derivative that could be 

employed to produce functionalised beads was characterised, revealing interesting 

photoreduction properties (E1/2(*M/M-) = 0.59 V vs SCE).  

In conclusion, this work confirmed the hypothesis on the validity of polymer-supported 

photocatalysis to achieve higher reaction efficiency and catalyst recyclability compared 

to the reactions in the homogeneous phase. The systematic study of the properties of the 

system and the comparison with the homogeneous case provided critical information that 

could serve as a benchmark for the development of novel devices. In addition, the 

realisation of a series of packed-bed microfluidic reactors filled with different 

functionalised beads that can be independently assembled in series could allow multistep 

photoreactions, possibly expanding the scope and industrial applicability of photoredox 

transformations.    
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Chapter 4 

 

4 Liquid/liquid fluorous/organic interfaces for efficient PET 

 
The enhancement of reactants compartmentalisation provided by the liquid/liquid 

interface compared to homogeneous solutions has been employed to develop efficient 

chemical processes in the dark.[77,275,276] On the other hand, few experimental works 

focused on the exploitation of these systems in photoactivated transformations. This 

chapter focuses on the possibility of affording efficient photoinduced electron transfer 

(PET) at the liquid/liquid interface between two immiscible solvents fostered by the 

exploitation of non-covalent supramolecular recognition. The designed system is 

constituted by an electron donor and an electron acceptor, orthogonally soluble in 

different phases that can encounter across the liquid/liquid interface and accomplish a 

PET. We focused on the use of a biphasic fluorous/organic system, due to the extremely 

low polarity and to the immiscibility of fluorinated solvents with a wide range of non-

fluorinated solvents. 

In the first part of the chapter, the main properties of fluorous media and their use in two-

phase systems are reported (section 4.1). Successively, it is discussed the design, 

synthesis and studies of two different systems for PET at the liquid/liquid interface 

(section 4.2 and 4.3). 

 Fluorous media 

The term fluorous was coined in seminal works on fluorinated compounds by Horváth in 

1994.[78] A fluorous phase is defined as the fluorocarbon rich phase of a homogeneous 

biphasic system. Fluorous species are constituted by both fluorinated and non-fluorinated 

domains.[277] The fluorous domains are usually formed by perfluorinated carbon chains, 

referred to as “ponytails”.[278] The more extensively investigated ponytails have a general 

molecular formula of (CH2)m(CF2)nCF3. It is worth noting that it is not the relative 
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fluorine content that makes an organic compound fluorous, but rather the number of 

carbon atoms that are bound to the fluorine atoms.[278] 

This section will be focused on the description of the physical and chemical properties of 

the fluorous compounds. At first, the characteristics of the C-F bond (section 4.1.1) and 

polarity of fluorous compounds are analysed (section 4.1.2), then it is discussed on the 

miscibility of fluorocarbons with hydrocarbons (section 4.1.4) and O2 (section 4.1.2). In 

the last part, relevant examples of exploiting the unique properties of fluorous moieties at 

the interface with organic solvents are reported (section 4.1.3). 

4.1.1 Properties of Fluorine Atom and C-F bond 

Many of the peculiar properties of the fluorous media derive from the nature of the C-F 

bond. Fluorine is the most electronegative atom in the periodic table (Pauling 

electronegativity  = 4.0, compared to  = 2.55 for the carbon atom). Unlike oxygen and 

nitrogen atoms, the lone pairs located on the fluorine atoms are usually not involved in 

resonance and do not participate in hydrogen bonding. Due to the difference in atom 

electronegativity compared to carbon ( of 1.45), the strength of the C-F bond (up to 

105.4 kcal/mol) can be attributed to an electrostatic interaction between the partially 

charged F- and C+ atoms, rather than to a covalent electron sharing.[279] This hypothesis 

is sustained by the shortening of the C-F bond length when hydrogen atoms are 

progressively replaced by fluorine in CH3F, CH2F2 CHF3 and CF4 (table 4-1).[280] Upon 

substitution of the hydrogens, the central carbon atom experienced progressive negative 

charge depletion due to the high electron-withdrawing tendency of the fluorine atoms. 

Consequently, the partially negative charged fluorine atoms were attracted to an 

increasingly positive carbon centre, leading to a progressive C-F bond shortening.  

Table 4-1. Extent of HCH angle and C-F bond length for CH4, CH3F, CH2F2 and CHF3 and CF4. 

 

Also, the polarisation of the C-F bond distorted the molecular geometry and the H-C-H 

bond angles. In CH3F and CH2F2, the H-C-H angle (110.2° and 113.8°, respectively) is 

 
 CH4 CH3F CH2F2 CF3H CF4 

C-F Bond length / Å - 1.39 1.36 1.33 1.32 

H-C-C Angle 109.5° 110.2° 113.8° 110.4° 109.5° 
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wider than in methane (109.5°). This behaviour is counterintuitive if the fluorine atom 

dimension is considered since it should push the two hydrogen atoms closer. 

Nevertheless, considering the strong electron-withdrawing effect of the fluorine, the 

electron repulsion between fluorine and hydrogens atoms was reduced and the H-C-H 

bond angle increased.   

4.1.2 The polarity of fluorous media 

Due to the high electronegativity and low polarizability of fluorine atoms, most 

fluorocarbons show exceptionally low polarity compared to their hydrocarbon 

congeners.[281] The polarity of a medium can be quantified by the solvatochromic * 

scale,[282] which is based on the solvent-induced shifts of the lowest energy absorption 

band of seven nitroaromatic standards in solution, which is considered proportional with 

the polarity of the environment.[283] DMSO and cyclohexane are set as references with 

values of 1 and 0, respectively. On this scale, perfluorooctane has a value of -0.41.[284] 

Due to the low ability to solubilise the standard compounds employed for the calculation 

of the * scale, many fluorous media are not included in this scale. An optimised model, 

called “spectral polarity index” (Ps), overcomes the solubility issues by employing as a 

standard a class of dyes bearing perfluoroheptyl ponytails ((-perfluoroheptyl-,-

dicyanovinyl)aminostyrenes) soluble in a wide range of fluorous solvents.[285] The Ps 

values for several fluorinated and non-fluorinated solvents are reported in table 4-2.[285]  

Table 4-2. Ps values for several fluorinated and respective non-fluorinated solvents. 

Solvent Formula PS Solvent Formula PS 

PFMC CF3C6F11 0.46 Methylcyclohexane CF3C6H11 3.34 

Perfluoro-1,3-

dimethlcyclohexane 
C8F16 0.58 

1,3-

dimethylcyclohexane 
C8H16 3.31 

Perfluorohexane C6F14 0.00 n-hexane C6H14 2.56 

Perfluorooctane C8F18 0.55 n-octane C8H18 2.86 

Perfluorodecalin C10F18 0.99 Decalin C10H18 4.07 

Perfluorotributylamine (C4F9)3N 0.68 Tributylamine (C4H9)3N 3.93 

Hexafluorobenzene C6F6 4.53 Benzene C6H6 6.95 

-trifluorotoluene CF3C6H5 7.03 Toluene CF3C6H5 6.58 

1H,1H-perfluoro butanol CF3(CF2)2CH2OH 9.76 1-butanol CH3(CH2)3OH 7.62 

2H-perfluoroisopropanol (CF3)2CHOH 11.1 2-propanol (CH3)2CHOH 7.85 
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The data in table 4-2 show a generalised lower polarity of fluorous solvents compared to 

their alkyl counterparts. Conversely, in fluorinated alcohols the electron-withdrawing 

ability of the fluorine atoms reduce the electron density on the oxygen atom, enhancing 

the ability of the hydroxyl group to form strong hydrogen bonds, leading to higher Ps 

values compared to the non-fluorinated congeners.[286] Dielectric constants of the solvents 

() play an important role in the electron transfer processes and they are directly included 

within the Marcus electron transfer theory. Nevertheless, only few dielectric constants 

are reported for fluorinated solvents. In particular (PFH) = 1.8, (PFMC) = 1.85 and 

(perfluorodecaline) = 1.95.[287,288] Similarly to the Ps case, the correspondent alkyl 

derivatives show higher dielectric constants (e.g., (C6H14) = 1.8, methylcyclohexane) 

= 2.02 and (decaline) = 2.23).  

4.1.3 Perfluoroalkanes 

Due to the bigger dimension of fluorine atom compared to hydrogen, fluorocarbons 

possess increased volume in respect to hydrocarbons with a similar carbon backbone 

(e.g., the size of a trifluoromethyl group is comparable to that of an isopropyl group).[289] 

The different steric and electronic contributions lead to different structural conformations. 

For example, n-perfluorohexane (PFH, figure 4-1)[290] adopts in the crystal structure a 

helically twisted chiral backbone with CF2–CF2–CF2–CF2 torsion angles of 163–165°, in 

contrast to n-alkanes, which display an anti-conformation with 180° torsion angles.[196]  

 

Figure 4-1. Crystal X-Ray resolved structured for n-perfluorohexane. Adapted from ref 290.  

The twist determines a configurational chirality that persists in solution, as observed by 

the peculiar vibrational circular dichroism (VCD) of the enantiomers of 1-perfluorooctyl-

1-phenylmethanol (figure 4-2).[291] The strong identical IR absorptions of the (R)-(-) and 

(S)-(+) enantiomers at 1240 and 1220 cm-1, assigned to the C-F bond stretching, provided 

in the VCD spectra a mirrored envelops at ∼1250 cm-1 that were attributed to the chiral 

conformation adopted by the perfluorinated chains.[291] 
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Figure 4-2. A. VCD spectra in CDCl3 for (R)-(-) and (S)-(+) enantiomers of perfluorooctyl-1-
phenylmethanol (solid line and dotted line respectively) compared with one calculated for (R)-1-
perfluorooctyl-1-phenylmethanol. B. Crystal structure for (R)-(-) isomer. Adapted with 
permission from ref 291. Copyright 2006 American Chemical Society. 

4.1.1 Phase separation in fluorous media 

Fluorous and non-fluorous species are often not miscible at rt. This characteristic is called 

the fluorous effect and it has been exploited in many protocols for fluorous/organic 

liquid/liquid biphasic catalysis.[79] Crystals of molecules bearing both fluorous and non-

fluorous functionalities, for example, often separate in fluorous and non-fluorous 

domains.[292,293] As reported in figure 4-3 for a perfluorinated ruthenium cationic complex 

(figure 4-3, A) and a [AuCl{PEt2(CF CF2)}] (figure 4-3, B) complex bearing 

perfluorinated pendants. 

 

Figure 4-3. Crystal packings of a Ru cationic perfluorinated complex (A) and [AuCl{PEt2(CF
CF2)}] (B) bearing perfluorinated phosphine ligands. Adapted from ref 292 with permission from 
the Royal Society of Chemistry. Adapted from ref 293. 

B 

A B 
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Similarly, phase separation between fluorous and non-fluorous moieties has been 

observed in the liquid state.[294,295] This behaviour is strongly influenced by the 

temperature and the length of the carbon chain in linear alkylfluorinated compounds. For 

example, perfluoropentane and n-pentane display a critical solution temperature of 

mixtures of -8 °C while n-hexane and perfluorohexane form a homogeneous solution only 

beyond 22.7 °C. The origin of the immiscibility of fluorous (F) and non-fluorous (H) 

media has been widely addressed to the low polarizability of the fluorine atoms, which 

leads to weak intermolecular (e.g., dispersion) hetero-interactions (HF). These 

intermolecular forces are often less favoured compared to the homo-interaction between 

non-fluorous/non-fluorous compounds (HH) and this, in turn, leads to phase separation 

to reduce the amount of HF interactions.[295] While the intermolecular homo-interactions 

among the same fluorous/fluorous moieties (FF) has often been considered very weak, a 

different theory based on theoretical calculations has recently been proposed by Chen et 

al. They reported that the bond interaction energy (BAE) (i.e., the energetical stabilisation 

upon intermolecular dispersions interaction) between a linear hydrocarbon and a 

perfluorinated chain of the same length (HF) is much lower than the homo-interaction 

between two of the same hydrocarbon molecules (HH) or fluorinated ones (FF). It 

followed that even the favourable FF interactions constitute an important factor that 

favours the phase separation (figure 4-4). It should be highlighted that this last analysis is 

based only on enthalpy considerations. The entropy of mixing, which favours the mixing 

between the two phases, has a rising influence when the temperature increases, as 

demonstrated by temperature-dependent homogenisation of the fluorous/non-fluorous 

biphasic solutions.  

The two main factors that rule the ability of fluorous solvents to solubilise solutes are the 

polarity and the size. If the former could be related to the well-established tendency that 

similia similibus solvuntur (similar substances are solubilised by similar substances), the 

latter is more characteristic of perfluorinated solvents. It was suggested that due to low 

dimension and polarizability, fluorous solvents could establish only weak intermolecular 

FF dispersion interactions and this would lead to the formation of cavities in the liquid 

phase where just small molecules can be accommodated.[296] Recently, Pollice et al. 

reported a detailed theoretical study where this paradigm is questioned.[297] They 

suggested that the reason for the formation of the cavities in fluorous solution is their 

rigid ground-state geometries, which are not ideal for maximising the number of 
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intermolecular FF interactions compared to the more flexible hydrocarbon chains that can 

maximise the carbon-carbon contacts (figure 4-4). 

 

Figure 4-4. 3D non-covalent bond interaction energy (BIE) interactions plot of complexes of 
pentanes: A. pentane-pentane (HH), B. perfluoropentane-pentane (HF), and C. fluoropentane-
fluoropentane (FF). Red depicts repulsive interactions, green depicts neither attractive nor 
repulsive interactions, and blue depicts attractive interactions. Adapted with permission from ref 
297. Copyright 2019 American Chemical Society.  

The hindered possibility of fluorous moieties to maximise the interactions by 

conformational modification would then explain the formation of cavities and voids, that 

causes reduced intermolecular interactions.  

4.1.2 O2 solubility in fluorous media 

As reported above, the rigid molecular conformation and the resulting weak 

intermolecular interactions provide the fluorous media with very different physical 

properties compared to common organic solvents.[296] Among them, perfluorinated 

solvents show a higher capacity to solubilise molecular gasses, in particular O2. The 

process of gas solubilisation into a liquid requires the formation of cavities large enough 

to accommodate the gas molecules before the intermolecular interactions foster the 

diffusion process. It is suggested that the higher O2 solubility in n-perfluorohexane 

compared to n-hexane is due to the occurrence of more favoured dispersion interactions 

between O2 and the electron-rich fluorine atoms.[298] NMR studies further validated this 

hypothesis.[299] Data reporting the extent of dissolved O2 are often presented as mole 

fractions in the literature, but the relevant differences in density () and molecular weight 

(MW) could lead to misleading results. For example, the solubility of O2 in 

perfluoro(methylcyclohexane) (PFMC) is about five times greater than that in THF on a 

mole fraction basis.[300] On the other hand, by conversion to molar units (mol/L), the much 

higher molecular weight of perfluoroalkanes reduces the differences, whereas their higher 

density enhances them (eq. 4-1). 
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                          x(O2)= 
mol(O2)

mol(S)
= 

mol(O2)

g(S)*MW(S)
= 

mol(O2)*ρ(S)

mL(S)*MW(S)
    (4-1) 

Therefore, on a molarity base, O2 is only about twice as soluble in 

perfluoromethylcyclohexane (PFMC) as in THF.[301] The O2 solubility in different 

fluorinated and non-fluorinated solvents is reported in table 4-3. 

Table 4-3. O2 solubility in several fluorinated and non-fluorinated solvents expressed as molar 
fraction (x(O2)) and in molarity ([O2]). 

Solvent 
MW 

[g/mol] 
103 x2 (O2)[a]  [g/mL] [O2] 

[mmol/L] 
CF3C6F11 (PFMC) 350.05 5.46[301] 1.787 23.2[d] 

C6F14 (PFH) 338.04 4.24[300] 1.678 21[d] 

C7F16 388.05 4.66[300] 1.728 20.7[d] 

C9F20 488.06 5.46[300] 1.788 19.9[d] 

C10F18 538.07 3.99[300] 1.93 16.6[d] 

CH3OH 32.042 0.04[b] 0.7864 1.02[302] 

CH3C6F5 92.14 1.05[b] 0.8622 9.88[302] 

C7H16 100.203 1.94[b] 0.6795 13.2[302] 

CH3C6H11 98.188 1.57[b] 0.7694 12.3[302] 

CH3CN 41.052 0.48[b] 0.7765 9.1[302] 

C9H20 128.257 2.01[b] 0.7137 11.2[302] 

CH3Cl 119.378 0.93[b,c] 1.4891 11.6[302] 

H2O 18.015 0.02[b] 0.997 1.27[302] 

THF 72.107 0.80[b] 0.889 9.9[302] 

C6H14 86.177 1.96[b] 0.6593 15[302] 

CH2Cl2 84.933 0.69[b,c] 1.3256 10.7[302] 

[a] Recorded at 25 °C. [b] Calculated from reported [O2] data, using MW and density values 
reported.[c] Recorded at 20 °C. [d] Calculated from reported x(O2) data, using MW and density 
values reported. 

 

The data reported in table 4-3 show that oxygen solubility in fluorous solvents increases 

between 40% and 90% compared to their non-fluorous congeners on a molarity base. 

Nevertheless, the properties of fluorous media due to high O2 concentrations are not 

always predictable. Unexpectedly, it is reported that the stability upon light excitation of 

several perfluoroalkylated polyaromatic hydrocarbons in solution, which are known to 
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react with O2, is higher in perfluorinated solvents compared to CHCl3.[303] The reason for 

this behaviour is still not fully established. However, the authors suggest that the 

interaction between the molecular perfluoroalkylated chains and the fluorous media could 

favour the formation of fluorous microcavities that could screen the solute from the 

interactions with the dissolved O2, leading to improved photostability. 

4.1.3 Non – covalent recognition in fluorinated solvents 

It is widely established that non-polarisable, aprotic solvents could favour the 

intermolecular, non-covalent recognition in solution since they do not interfere with the 

recognition sites by forming concurrent hydrogen and halogen bonds dipole-dipole 

interactions with the solute or surrounding the charges employed in the recognition.[304] 

Therefore, the extremely low polarity of fluorinated hydrocarbons and the poor ability to 

establish intermolecular interactions and solvate non-fluorous solutes in solution make 

them perfect candidates to study non-covalent interactions in solution.[305,306] In 

particular, H-bonding[307] is strongly dependent on the solvent polarity since highly polar 

solvents can create strong intermolecular interactions with the active sites of the solute. 

This explains why H-bond-driven assemblies among small molecules in H2O have rarely 

been reported and often multiple H-bonding supramolecular receptors are 

employed.[308,309] Hunter et al. observed increased association constants (Ka) for the 

assembly of several fluorinated hydrogen bond acceptors and donors in fluorous media 

compared to that in their non-fluorous counterparts (e.g., the experimental Ka
 for the 

formation of a 1/1 complex between tri-tert-butylphosphine oxide and 5-

trifluoromethylphenol is Ka(PFH) = 59723 M-1 and Ka(C6H14) = 4.70 M-1, 

respectively).[310]  

Also, hydrogen bonding and proton transfer between heterocyclic aromatic bases and a 

perfluoropolyether with a terminal carboxylic acid group have been reported to occur in 

perfluorohexane.[311] The possibility to favour non-covalent interactions in fluorous 

media was exploited in biphasic organic/fluorous systems. In particular, the solubility of 

non-fluorous species in fluorous media was increased by the formation of non-covalent 

assemblies with fluorous compounds at the interface.[312] For example, El Bakkari et al. 

successfully obtained the extraction from a CHCl3 and a THF solution of a porphyrin and 

a fullerene moiety into a perfluorodecalin phase by complexation with a fluorous soluble 

Cu(II) complex (figure 4-5).[312] 
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Figure 4-5. Left. Chemical structures of the pyridyl porphyrin 2 and Cu(II) complex 3. Top right. 
Porphyrin 2 extraction upon stirring from a CH3Cl solution (upper phase) to a perfluorodecalin 
solution of 2 (lower phase). Bottom right. Absorption spectra of CH3Cl phase (A) and 
perfluorodecalin (B) phases before and after (D, C) the extraction. Adapted with permission from 
ref 312. Copyright 2004 American Chemical Society. 

When a red solution of the porphyrin 2 in CHCl3 was added to a blue perfluorodecalin 

solution of fluorinated complex 3, the biphasic system reported in figure 4-5 was 

obtained. Upon mixing, the complexation between complex 3 and porphyrin 2 allowed 

the extraction of 2 from the CHCl3 phase into the fluorous solution, with an estimated 

efficiency of 99% (verified by absorption spectroscopy, figure 4-5, bottom right).  

The formation of hydrogen bonding with fluorous-tagged compounds to segregate solutes 

in a fluorous phase was reported by Palomo et al., who showed the increased solubility 

of fluorinated urea in PFH by hydrogen recognition with a fluorinated carboxylic acid 

(figure 4-6).[313] Similarly, the scavenge of pyridines from a CHCl3 solution into a 

fluorous PFH phase by hydrogen bonding interaction between perfluoropolypropylene 

oxide Krytox and perfluorodecanoic acid is reported.[314] 

 

Figure 4-6. Scavenging of fluorinated urea from a CH2Cl2 solution to a C6F14 solution by 
formation of hydrogen bonding recognition with perfluorinated heptanoic acid. Adapted with 
permission from ref 314. Copyright 2007 American Chemical Society.  
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 Aim of the project 

One of the main drawbacks in the use of interfaces for chemical processes compared to 

homogenous bulk systems is the diminished reactive surface, which reduces the number 

of possible interactions between reactants. In the case of liquid/liquid interfaces 

established between immiscible solutions, the ratio between the bulk/interface volume is 

particularly high and this could hamper the reaction rate and efficiency. In addition, the 

rate of photoinduced processes (e.g., PET, energy transfer) is strongly dependent on the 

distance and on the polarity of the environment and the amount of molecules that are 

located at any time close to the interface is limited.[315] Nevertheless, as reported in 

chapter 1 and section 4.1, liquid/liquid interfaces could provide advantages in terms of 

reactants compartmentalisation and enhancement of dyes lifetimes. 

This project aims to study the use of liquid/liquid interfaces for photoinduced 

transformations developing a system that overtakes the disadvantages generated by the 

lack of reactive surface. A way to increase the local reactant concentration in the 

proximity of the interface could be achieved by the formation of non-covalent interactions 

across the interface among an electron donor and electron-acceptor pair selectively 

solubilised in just one of the two phases (figure 4-7).[316] 

 

Figure 4-7. Aim of the project. Left. Electron donor (D) and electron acceptors (A) are selectively 
soluble in phase 1 or 2, respectively. Right. 1. Donor and Acceptor assemble at the interface, 
increasing the local concentration at the interface. 2. Upon light excitation, PET takes place. 3. 
Charged species disassemble and charge separation is maintained.  

Recently, the properties of several types of H2O/perfluoroalkylalkanes liquid/liquid 

interfaces have been investigated using a mixed experimental-molecular dynamic 

approach.[317] The results suggested an interaction between the H2O dipole and the 

perfluoroalkylalkanes species across the liquid/liquid interface, leading to a preferred 

Liquid/liquid interface 
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orientation of the first layer of perfluoroalkylalkanes molecules in the proximity of the 

interface. In addition, the width of the interface was estimated at around 1-2 nm for the 

H2O/perfluorononane biphasic system.[316] Sustained by these pieces of evidence, we 

envisaged the possibility to establish a liquid/liquid recognition across the interface of 

H2O/perfluorinated biphasic systems. The interaction across the boundary should be 

strong enough to enhance the local concentration at the interface but modest enough to 

dissociate after the electron transfer. This would generate a dynamic system where the 

reactants could encounter, get excited at the interface (figure 4-7, 1) and detach after the 

electron transfer occurred (figure 4-7, 3). The energy stored by the formation of the 

oxidised and reduced reactants could eventually induce other redox transformations in 

each phase even without the detachment of the formed ion pair. To this end, the number 

of quenchers present in the respective solutions should be high enough to interact with 

the ion pair before the back-ET occurs.  As reported in section 4.1, the non-polarizability 

and apolarity of fluorous media favour the formation of non-covalent interactions among 

solutes. Hence, it was envisaged that a system formed by a fluorous solution interfaced 

with hydrocarbon solution could allow non-covalent recognition across the boundary 

while allowing the formation of a biphasic system. To our knowledge, no studies 

regarding the analysis of photoinduced processes at such types of interfaces have been 

reported. 

To this end, an electron donor-acceptor system was designed on functionalised 

naphthalene (NDI) or perylene bisimides (PDI), widely studied as strong photoelectron 

acceptors[318] and PXXMI (chapter 2) derivatives as electron donors.[139] As reported in 

figure 4-8, the oxidation potential of the excited state for PXXMI lays at lower potentials 

than the LUMO energy of the PDI-diphenyl[144], making the PET energetically favoured. 

 

Figure 4-8. Energy levels schemes of the ground state (solid lines) and excited state (dotted line) 
redox potential for PXXMI and PDI-diphenyl.[144] 
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The orthogonal solubility of the active compounds in the different phases would be 

afforded by attaching alkyl or fluorous “ponytails” (figure 4-10). In our hypothesis, the 

different pendants will dictate the solubility in one specific solvent, disfavouring that in 

the other phase. 

More in detail, it was envisaged that by functionalisation of the PXXMI moiety with a 

di-(acetylamino)pyridine group, H-bonding recognition could be established with the 

imide group present on the PDI (figure 4-9).[319,320] The reported value for the association 

constant (Ka) for species bearing similar recognition groups is between 1.21×103 M-1 and 

8.94×102 M-1 in CDCl3 at 295 K.[321] 
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Figure 4-9. General sketch of a fluorous-organic two-phase system where a PDI and a PXX 
derivative are functionalised with proper complementary recognition site to allow H-bonding 
across the interface. Alkyl and fluorinated pendants are employed to enhance orthogonal 
solubility. 

Other than non-covalent recognition, another possible way envisaged to enhance the 

active surface-to-volume ratio while segregating the reactants in different phases is by the 

creation of microemulsions.[23] This approach will be briefly discussed in the last part of 

the chapter by including a PXXMI fluorinated derivative within micelles in a 

fluorous/water system. 

 Results and discussion 

The first requirement for developing the designed biphasic system is the orthogonal 

solubility of the two species involved in the PET process. In particular, the effect of the 

presence of different ponytails on the solubility properties of the photoactive species in 

the different phases was at first checked.[322] At this end, PXXMI and PDI derivatives 

bearing fluorous or alkylic ponytails without any non-covalent recognition motifs were 

prepared, since this remarkably simplified and speeded up the synthesis. In addition, the 
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photophysical characterisation allowed us to verify whether the pendants affect the 

frontier orbitals energy gap. 

4.3.1 Synthesis and photophysical characterisation of alkyl and fluorinated PDI 

and PXXMI derivatives 

Compounds 4-1 and 4-2 were synthesised by reacting perylene-3,4,9,10-tetracarboxylic 

dianhydride with decylamine and 1H,1H,2H,2H-perfluorodecylamine, respectively in 

imidazole at 140 °C, as reported in scheme 4-1.  

 

Scheme 4-1. Synthesis of 4-1. a) Decylamine (4-1) or 1H,1H,2H,2H-perfluorodecylamine (4-2), 
1H-imidazole, 140 °C, 24 h. 

The compounds were photophysically and electrochemically characterised and the results 

are reported in figure 4-10 and table 4-4. 

    

Figure 4-10. Absorption (solid line), emission (dashed line) and excitation spectra (dotted line) 
for 4-1 (A, exc = 458 nm, em = 618 nm) and 4-2 (B, exc = 458 nm, em = 576 nm) in an aerated 
CHCl3 solution at rt.  

 

 

 

A B 
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Table 4-4. Photophysical data for 4-1 and 4-2 in aerated CH2Cl2 (4-1) and CHCl3
 (4-2) solutions 

at rt. 

 Absorption Emission  

Molecule 
max (nm) 

( [M-1cm-1]) 
max (nm) 

 
 (ns) 


[c] kf (s-1)

4-1 524 (104400) 534 4.9[a] 0.90 1.84×108 

4-2 527 (-) 535 4.0[b] 0.71 1.78×108 

* It was not possible to calculate the molar extinction coefficient due to the low solubility in 
tested solvents. [a] λexc = 405 nm, λem = 572 nm. [b] λexc = 405 nm, λem = 590 nm. [c]Quantum 
yield standard: C153 in EtOH (ref = 0.53±0.04,[173]the λexc employed was for each case an 
isoabsorbing point between the sample solution and the reference solution, with A < 0.1 ). 

 

Compounds 4-1 and 4-2 showed structured absorption bands, whose maxima differed for 

less than 10 meV. The mirrored structured luminescence spectra lay in the green region 

for both the compounds (em = 534 nm and em = 535 nm for 4-1 and 4-2, respectively), 

with a narrow Stokes shift (ss = 44 meV for 4-1 and ss = 35 meV for 4-2). Considerable 

fluorescence quantum yield () was observed ( (4-1) = 0.90 and  (4-2) = 0.71),[323] 

and no phosphorescence was detected in degassed solution at rt or in glass matrix at 77K. 

From the results obtained and the data reported for PDI derivatives[318] it was concluded 

that the modification of the chemical nature of the pendants had a reduced effect on the 

frontier orbitals band gap, fluorescence lifetime and quantum yield of this class of 

compounds. This evidence supported the hypothesis that the envisaged PDI derivative 

reported in the scheme 4-1 could act as a good electron acceptor in the designed system. 

Derivative 4-1 is soluble in CH2Cl2, CHCl3 and toluene, while 4-2 showed poor solubility 

in non-fluorinated solvents. Nevertheless, the latter did not display solubility in PFH. 

Therefore, PXXMI derivatives 4-6 and 4-7, bearing C10H21 and C2H4C8F17 pendants were 

synthesised (scheme 4-2) to analyse the effect of the fluorous ponytails on the 

photophysical and electrochemical properties and to test whether good solubility in 

fluorous media could be obtained. 

 

Scheme 4-2 a) Decylamine (4-4) or 1H,1H,2H,2H-perfluorodecylamine (4-5), 1,4-dioxane, 
DIPEA, reflux, 24 h; b) CuI, pivalic acid, DMSO, 120 °C, 5 h. 
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Developing on the reported procedure,[141] binaphthol anhydride 4-3 was reacted with 

decylamine or 1H,1H,2H,2H-perfluorodecylamine in 1,4-dioxane at reflux for 24 h in the 

presence of DIPEA, affording derivatives 4-4 (80%) and 4-5 (70%). The following ring-

closing oxidative C-O coupling reaction in DMSO at 120 °C for 5 hours in the presence 

of CuI and pivalic acid afforded 4-6 and 4-7 in 40% and 30% yield, respectively.[139] 

The reaction mechanism for the last step is still not fully established. The mechanistic 

studies reported by Zhu et al.[324,325] for the cycloetherification of o‑arylphenols to 

benzofurans suggested two possible pathways for the formation of the double oxygen 

bridged 6-member rings (scheme 4-3). In the first case (scheme 4-3, A), coordination to 

the naphthyl oxygen of a pivalate Cu(III) complex formed by two-step oxidation of 

pristine Cu(I) with I- and O2 (4-5A-1) is followed by pivalate-assisted concerted metalation-

deprotonation (CMD), that constitutes the rate-determining step of the reaction, forming 

intermediate 4-5A-2. A final reductive elimination leads to cyclized product 4-5A-3 and the 

restoring of Cu(I) species. The repetition of the same steps for the second naphthyl oxygen 

gives product 4-6. Alternatively, a Cu(II) atom formed by oxidation from the iodide 

coordinates the naphthyl oxygen and the Cu(0) species obtained after the reductive 

elimination is then re-oxidised by the acidic conditions or by O2. The second possibility 

(scheme 4-3, B) involves the activation of the aromatic ring forming the 2  complex 4-

5B-1 and subsequently the nucleophilic attack of the phenolic oxygen on the activated 

arene providing the cyclized intermediate 4-5B-2 that, after -hydride elimination and 

repetition of the same steps for the remaining oxygen, affords compound 4-6 and Cu (0).  
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Scheme 4-3. Proposed mechanisms for Cu-mediated C-O ring-closing reaction: path A. concerted 
metalation-deprotonation; path B. electrophilic metalation. 

Photophysical characterisation of compounds 4-6 and 4-7 was carried out in CH2Cl2 

solution, and the results are reported in figure 4-11 and summarised in table 4-5. 

 
Figure 4-11. Absorption (solid line) and emission spectra (dashed line, exc = 500 nm) of 4-6  
(A, exc = 500 nm) and 4-7 (B, exc = 479 nm) in an aerated CH2Cl2 solutions at rt. 

Table 4-5. Photophysical data in aerated CH2Cl2 for compounds 4-6 and 4-7. 

 Absorption Emission  

Molecule 
max (nm) 

( [M-1cm-1]) 
max (nm) 

 
 (ns)[a] 





kf (s-1) 

4-6 525 (23 900) 566 9.7 0.48 4.9×107 

4-7 529 (23 000) 570 9.9 0.57 5.8×107 

PXXMI[139] 525 (17 800) 564 9.2 0.68 7.4×107 

 [a] λexc = 405 nm, λem = 572 nm. 
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The absorption spectra of 4-6 and 4-7 showed consistent shape and energies, with a first 

structured absorption band maxima at max = 529 nm and max = 525 mm for 4-7 and 4-6, 

respectively. The Stokes shift is rather small (ss = 0.17 eV for both 4-6 and 4-7) and the 

emission spectra displayed good mirror symmetry with the absorption bands, suggesting 

that the molecular structure experience a small geometry distortion at the excited state.[142] 

Consistent luminesce lifetimes:  = 9.9 ns (4-7) and  = 9.7 ns (4-6) indicated that the 

emissions came both from fluorescence radiative decays. No phosphorescence was 

detected either at rt or at low temperature (77K).[131,139]  

As reported for 4-1 and 4-2, only a small perturbation on the absorption energy maximum 

and emission energy was provided by the different nature of the groups attached to the 

nitrogen. Theoretical calculations on the optimised structure of 4-7 validated the lack of 

HOMO and LUMO orbital contribution from the different pendants (figure 4-12). 

 

Figure 4-12. HOMO and LUMO orbitals plotted over the optimised structure of 4-7 at the 
B3LYP/6-31+G** level of theory. 

Cyclic voltammetry results are shown in figure 4-13 and table 4-6 and compared to the 

one for the already reported PXXMI (see chapter 2, section 2.1).[139]  
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Figure 4-13. CV for molecules 4-6 (A) and 4-7 (B) in N2-purged CH2Cl2 solutions at scan rate of 
0.1 V/s. TBAPF6 was used as electrolyte and the redox couple Fc+/0 as internal standard. 

Table 4-6. Electrochemical data for molecules 4-6 and 4-7.[a] 

 Oxidation Reduction   

Molecule E1/2
ox,1

[b] E1/2
red,1

[b] *E1/2
ox

[c] *E1/2
red

[c] 

4-6 0.72 -1.67 -1.09 1.06 
4-7 0.69 -1.73 -1.11 0.99 

PXXMI 
[139] 0.64 -1.77 -1.14 0.93 

[a]Scan rate 100 mV/s. Supporting electrolyte TBAPF6 (0.1 M). Half-wave potentials. [b]Values 
reported vs Fc+/0. [c]Values reported vs SCE. 

 

Single monoelectronic oxidation and reduction waves were detected for compounds 4-6 

and 4-7 (table 4-6). The similar redox potentials observed for 4-6, 4-7 and PXXMI, which 

differ for E < 10 mV for both oxidation and reduction potentials, highlighted that 

similarly to the effect on the optical band gap, the different chains do not influence the 

electrochemical properties in this class of compounds.[326] Compared to PXX and 

similarly to PXXMI (chapter 2), the presence of imide electron-withdrawing groups 

reduce the HOMO-LUMO energy gap, while shifting both the reduction and oxidation 

potentials (chapter 2). The reversibility of the two redox events was verified by linear 

fitting of the anodic or cathodic peak currents against the square root of different scan 

rates, following the Randles−Sevcik equation (figure 4-15). 
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Figure 4-14. CVs recorded at different scan rates and linear fitting of anodic and cathodic peak 
currents against the square root of scan rate for 4-7 (A, 0.80 mM) and 4-6 (B, 0.80 mM). The R2 
coefficient is relative to the linear fittings. Measures performed in N2-purged CH2Cl2 solutions at 
rt. TBAPF6 was used as electrolyte and the redox couple Fc+/0 as internal standard. 

Following the same trend of 4-1 and 4-2, the insertion of alkylic pendants increased the 

solubility in hydrocarbon solvents for 4-6, but the 1H,1H,2H,2H-perfluorodecyl ponytail 

in 4-7 did not lead to solubility in PFH. 

4.3.2 Synthesis of fluorinated NMI and NDI derivatives 

Puzzled by the lack of solubility of perfluorinated derivatives 4-2 and 4-7, the attention 

was shifted to the possibility to obtain oxygen-doped PAHs with good solubility in 

perfluorinated solvents. Due to the lack of experimental data on the solubility of different 

classes of organic molecules in fluorinated solvents, few rules of thumb are usually 

followed to increase the solubility. These include a minimum fluorine content of 60%, 

the presence of one or more fluorous ponytails, and the absence of polar groups that may 

interact with the organic phase.[278] 

The calculated fluorine content for 4-2 and 4-7 is 40% and 50%, respectively, lower than 

the suggested 60%. In addition, the lack of intermolecular interactions between the 

fluorous solvents and the aromatic cores could foster the formation of intermolecular  

interactions and hence decreasing the solubility of the compounds in fluorous media.[327] 

A possible way to increase the fluorine content in PAHs, while reducing the interaction 

between similar solute molecules is the decrease of the aromatic core dimension while 

A 

 B 
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maintaining the fluorine pendants. At this end, a new class of naphthalene mono imide 

(NMI) and naphthalene bis imide (NDI) derivatives bearing fluorous pendants and 

increased fluorine amount (50% (4-8), 55% (4-10)) were synthesised (Figure 4-15). In 

addition, the use of a different fluorinated aromatic pendant was tested (4-9). 

 

Figure 4-15. Structure of synthesized perfluorinated dyes 4-8, 4-9 and 4-10. 

NMI[328] and NDI[318] derivatives were widely used as photoactive materials due to the 

high tunability of their photophysical and electrochemical properties upon change of the 

substituents at the core positions[329,330] and they could be exploited as electron acceptor 

substitutes of PDI in the system envisaged in figure 4-9. The synthesis of derivatives 4-

8, 4-9 and 4-10 is reported in scheme 4-4. 

 

 

 

 

 

 

Scheme 4-4. a) 1H,1H,2H,2H-perfluorodecylamine, DMF, DIPEA, reflux, sealed tube 2 h; 
b) pentafluoroaniline DMF, DIPEA, reflux, sealed tube, 1 h. 
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The synthesis of naphthalene imides derivatives was achieved in yields higher than 70% 

by reacting the commercially available 1,8-naphthalic anhydride (NMA) with the suitable 

amine in DMF at reflux in the presence of DIPEA for 1 or 2 hours. 

Compounds 4-8, 4-9 and 4-10 did not show solubility in PFH at rt. Nevertheless, due to 

the novelty of derivative 4-9, its electrochemical properties were studied in ACN. The 

cyclic voltammetry reported in figure 4-16 showed good electron-accepting properties for 

4-9, with two reductions, the first one reversible at E1/2 = -1.17 V vs SCE (peaks = 90 mV) 

and the second one irreversible at E1/2 = -1.28 V vs SCE. No oxidation event was detected. 

Figure 4-16. CV for 4-9 in ACN (0.60 mM) at the scan rate of 0.5 V/s. The redox couple Fc+/0 
has been used as internal standard and TBAPF6 as electrolyte (0.1 M). 

The reversibility for the first event was checked and the results are shown in figure 4-17. 

 

Figure 4-17. CVs recorded at different scan rates and linear fitting of anodic and cathodic peak 
currents against the square root of scan rate for 4-9 (0.70 mM). The R2 coefficient is relative to 
the linear fittings. Measures performed in CH2Cl2, electrolyte: TBAPF6 (0.1 M). The Fc+/0 redox 
couple has been used as internal reference standard. 

Aiming to afford the solubility in PFH, we tried to increase the amount of fluorine and 

the number of ponytails by designing a pendant that carries multiple fluorous ponytails 
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and could be anchored to a naphthalene mono anhydride scaffold. To this end, compound 

4-13 was synthesised (scheme 4-5). 

 

Scheme 4-5. a) Di-tert-butyl dicarbonate, CH2Cl2, 0 °C, 18 h; b) 1H,1H,2H,2H-
perfluorodecylamine, HBTU, DIPEA, DMF, rt, 5 h; c) TFA:CH2Cl2 (1:1), rt, 2 h. 

The first step in the synthesis of compound 4-13 is the protection of the amino group of 

5-aminoisophthalic acid with di-tertbutyl dicarbonate in CH2Cl2 at 0 °C. Then, a double 

amidation reaction with 1H,1H,2H,2H-perfluorodecylamine in the presence of HBTU 

and DIPEA in DMF at rt provided compound 4-12 (50%). Final amine deprotection of 

the amine group under acidic conditions using a mixture TFA/CH2Cl2 (1/1 v/v) at rt 

afforded 4-13 in 90% yield. Compound 4-13 was then reacted with 1,8-naphthalic 

anhydride (scheme 4-6), but no conversion was obtained. 

 

Scheme 4-6. a) DMF, reflux, 5 h. 

The reason for this lack of reactivity was addressed to the poor solubility of 4-13 in DMF. 

A different strategy was followed to avoid the formation of reaction intermediates bearing 

two fluorous ponytails, as reported in schemes 4-7.  
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Scheme 4-7. a) DMF, reflux, 10 h; b) HBTU, DIPEA, DMF, rt, 5 h. 

At first, 1,8-naphthalic anhydride was reacted with 5-aminoisophthalic acid in DMF at 

reflux, affording 4-15 as a white solid. Then, a double amidation reaction employing 

HBTU and DIPEA in DMF successfully provided the target compound 4-14 in 70% yield. 

Unfortunately, the lack of solubility of compound 4-14 in all the organic solvents tested 

(CH2Cl2, CHCl3, toluene) and in PFH at rt did not allow any photophysical and 

electrochemical characterisation. 

Due to the difficulties encountered to achieve sufficient dyes solubility in PFH, a different 

strategy, based on the inclusion of the fluorinated dye in microemulsion was followed. 

4.3.3 Fluorous/Water microemulsions 

The inclusion of a molecule within a micellar solution has been reported to be a valid 

approach to increase its solubility in solution.[287,331] Therefore, due to the difficulties 

experienced in obtaining sufficient dye solubility in bulk fluorous media, we decided to 

focus on the use of micellar interfaces. Developing on this idea, we envisaged that a 

microemulsion of PFH micelles in H2O would afford solubilisation of the synthesised 

fluorinated dyes. To this aim, the H2O insoluble compound 4-7 was dispersed in an 

aqueous solution of nonionic fluorosurfactant Zonyl FS-300 (molecular formula 

F(CF2)xCH2CH2O(CH2CH2O)yH).[332] The concentration of the fluorosurfactant (0.2% 
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m/V) was chosen based on the calculated CMC (for details, see chapter 5). After ten 

minutes of sonication, the disappearance of the dispersed solid suggested its inclusion of 

4-7 in the fluorous micelles, which was confirmed by the recorded absorption and 

emission spectra (figure 4-18). 

 

Figure 4-18. Absorption, emission and excitation spectra of 4-7 in a Zonyl/H2O 0.2% m/V 
solution at rt using H2O as reference (blue trace) or a Zonyl/H2O 0.2% m/V solution (black trace). 
Emission spectrum (red) recorded at exc = 418 nm and excitation spectrum (green dotted) at  
em = 540 nm. 

The absorption spectra were recorded using distilled H2O as reference (blue trace) or a 

Zonyl/H2O 0.2% m/V solution. The lack of scattering offset at abs > 600 nm excluded 

the presence of dispersed solid in solution, but the broad bands in the absorption spectra 

at abs > 600 nm suggested the presence of solubilised impurities. Nevertheless, the 

excitation (max = 451 nm) and emission (exc = 490 nm) spectra resembled the spectra 

reported for 4-7 in CHCl3 (figure 4-11). The extremely low polar environment in both 

fluorous media and within the micelles could hamper vibrational relaxations and leads to 

the remarkable hypsochromic shift observed for both the excitation (E = 0.41 eV 

compared to the absorption spectra in CHCl3 for 4-7) and emission (Eem = 0.36 eV) 

bands.[333]  

The solubilisation of 4-7 in fluorous media could allow further studies on whether the 

compartmentalisation of the dye in fluorous micellar solutions allows PET with the water-

soluble solutes across the fluorous-micelles/H2O interface. In particular, if the fluorinated 

dye remains included within the fluorinated micelles after the PET, an easy separation 

from the reactant mixture could be achieved. In addition, the tailoring of the surfactant 
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characteristics could modify the ET dynamics not only by modifying the D-A distance 

but even by favouring the orbital interactions.[334] 

 Conclusions and outlook 

This project was focused on developing a system exploiting the orthogonal solubility of 

PDI and PXXMI derivatives for light-induced electron transfer processes at the 

fluorous/non-fluorous interface, favoured by the formation of non-covalent recognition 

across the boundary. The system was envisaged to extend the durability of the dyes and 

to enhance the efficiency of the PET compared to homogeneous solution. As a first step 

in the development of the system, aiming to tune the structural modifications to achieve 

good dyes solubility in fluorous media and verify the effect on the energy band gap, four 

novel PDI and PXXMI derivatives, two of them bearing (CH2)2C8F17 fluorous pendants 

were synthesised and photophysically characterised. Compared to the reported data for 

similar congeners, only minor modifications of the absorption (Eabs = 0.01 eV and Eabs 

= 0.02 between 4-1 and 4-2 and 4-6 and 4-7, respectively) and emission energies (Eabs 

= 0.01 eV and Eabs = 0.02 eV between 4-1 and 4-2 and 4-6 and 4-7, respectively), 

including fluorescence quantum yield (= 0.19 and  = 0.09 between 4-1 and 4-2 

and 4-6 and 4-7, respectively)and lifetime (= 0.9 ns and  = 0.2 ns between 4-1 and 

4-2 and 4-6 and 4-7, respectively) were recorded. The reduced effect was addressed to 

the lack of contribution from the pendant to the HOMO and LUMO orbitals, as confirmed 

by theoretical calculations in the case of 4-7. Aiming to achieve dye solubility in PFH, 

the extent of the fluorine contribution to the dye molecular mass was increased by 

reducing the aromatic scaffold of the molecule, while maintaining the same imide 

functional group. Four fluorous NMI and NDI derivatives, one of them bearing a novel 

pendant with two fluorous ponytails were synthesised, but none achieved solubility in 

PFH. In the last part, a modified strategy exploiting the formation of a dispersed micellar 

solution of fluorosurfactant in H2O afforded the solubilisation of compound 4-7 within 

the micellar fluorous environment. While further work is required to develop a 

preliminary biphasic test system for the study of the supramolecular recognition-mediated 

PET at the liquid interfaces, the study carried out confirmed the difficulties to achieve 

good solubility of functionalised PAHs in fluorous media and how the addition of 

fluorous ponytails is often not enough to achieve a good solubility. Further work will be 

focused on the use of different fluorous solvents. Furthermore, the additional studies on 
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the possibility to allow PET at the micellar fluorous/H2O interface could provide 

important information on the development of new heterogeneous systems for 

photoinduced chemical transformations. 
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Chapter 5 

 

5 Experimental Part 

 Instrumentation 

Thin-layer chromatography (TLC) was conducted on pre-coated aluminium sheets 

with 0.20 mm Merk Millipore Silica gel 60 with fluorescent indicator F254. 

Column chromatography was carried out using Merck Gerduran silica gel 60 (particle 

size 40-63 m).  

Melting points (m.p.) were measured on a Gallenkamp apparatus in open capillary tubes. 

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Fourier 300 

MHz spectrometer equipped with a dual (13C, 1H) probe, a Bruker AVANCE III HD 

400MHz NMR spectrometer equipped with a broadband multinuclear (BBFO) 

SmartProbe™, a Bruker AVANCE III HD 500MHz spectrometer equipped with 

broadband multinuclear (BBO) Prodigy CryoProbe or a 600 MHz Bruker DRX 600 MHz 

with Cryoprobe. 1H-NMR spectra were obtained at 600, 500, 400 or 300 MHz, 13C-NMR 

spectra were obtained at 151, 126, 101 or 75 MHz and 19F NMR spectra were obtained at 

376 or 471 MHz. Spectra were recorded at room temperature unless otherwise stated. 

Chemical shifts were reported in ppm ( according to tetramethylsilane (TMS) using the 

solvent residual signal as an internal reference (CDCl3: H = 7.26 ppm, C = 77.16 ppm; 

CD2Cl2: H = 5.32, C = 54.00; THF-d8: H = 1.72, 3.58 ppm, C = 25.31, 67.21 ppm, 

DMSO-d6: H = 2.50 ppm, C = 39.52 ppm).[335] Coupling constants (J) are reported in 

Hz. Resonance multiplicity was described as s (singlet), d (doublet), t (triplet), dd (doublet 

of doublets), dt (doublet of triplets), td (triplet of doublets), q (quartet), m (multiplet) and 

bs (broad signal). Carbon spectra were acquired with a proton decoupling and fluorine 

spectra were recorded without proton decoupling. The absence of 13C-19F decoupling 

made the signal of the fluorinated carbon weak and complex, often hard to detect. This is 

due to the larger 19F-13C coupling compared to 1H-13C, with slower attenuation of the 



Chapter 5 

Cardiff University 137 Chemistry Department 
 

signal when coupling through multiple bonds is involved. As a consequence, most of the 

perfluorinated carbons have not been detected.[336,337] 

Infrared spectra (IR) were recorded on a Shimadzu IR Affinity 1S FTIR spectrometer 

in ATR mode with a diamond mono-crystal. All the samples were measured in the solid-

state. 

Mass spectrometry (MS): High-resolution ESI mass spectra (HRMS) were performed 

on a Waters LCT HR TOF mass spectrometer in the positive or negative ion mode. Gas-

chromatography mass spectra were recorded on a Thermo Scientific Exactive GC 

instrument. 

Irradiation equipment: Photoinduced reactions were carried out in a custom-made 

photochemical reactor composed of a 14.4W LEDXON MODULAR 9009083 LED, 

SINGLE 5050 (λem = 465 nm - 470 nm) purchased from Farnell (catalogue number 

9009083 ) strip wrapped around a glass 250 mL beaker with a diameter of 9 cm. When 

reported, a fan was employed to maintain the temperature inside the beaker below 

between 25 °C and 30 °C, otherwise the reactions were carried out at 35 °C (Figure 5-1). 

 

Figure 5-1. Set-up used for photoreactions. Temperature was kept at 35 °C. 

Photophysical analysis: Fluorescence quartz cells with a 1 cm or 0.5 cm light path were 

used for spectra recorded in air equilibrated solutions. The cells were cleaned after every 

use with the solvent used for the measure (2 times) and with acetone (10-20 times). In the 

case of poorly soluble compounds, the cells were washed several times with acetone, 



Chapter 5 

Cardiff University 138 Chemistry Department 
 

followed by a couple of washes with H2O and then filled with permanganic solutionx 

previously prepared. After 1 h the cells were emptied, washed thoughtfully with distilled 

H2O (around 20 times) and dried. Absorption spectra were recorded in air equilibrated 

solutions at room temperature with an Agilent Cary 5000 UV-Vis spectrophotometer. 

Emission spectra and phosphorescence lifetimes were recorded on an Agilent Cary 

Eclipse fluorescence spectrofluorometer. Emission lifetime measurements were 

calculated by time-correlated single-photon counting (TCSPC)[338] on a JobinYvon-

Horiba FluoroHub single-photon counting module, using Nano-LED pulsed sources at 

372 nm. Transient absorption (TA) measurements have been performed utilizing an 

Edinburgh Instruments LP920-k PMT, processed through a Tektronix TDS3012B 

oscilloscope. Spectra were collected using either the second (em = 532 nm) or third  

(em = 355 nm) harmonic of a Continuum Surelite Nd:YAG laser (power < 2 mJ/pulse, 

10 Hz, bandwidth < 1 nm) as the pump light source. The probe beam intersects the sample 

normal to the Xe probe lamp, affording TA signals between ca. 250 < λ < 750 nm. 

Wavelength dependent spectral signatures are collected by dispersing the probe light onto 

an Andor iStar ISSD camera, with a 2.05 nm resolution 250 < λ < 750 nm, integrated 

between 0.5 and 2.5 ms after the pump laser pulse. The spectra are presented as ΔOD 

signals, corresponding to the change in optical density of the sample upon irradiation with 

the Xe lamp, with and without the pump laser pulse. Lifetime data are also reported as 

ΔOD for time-resolved signals relative to the pump pulse (τ0): data collected using the 

PMT have an identical 2.05 nm resolution. Lifetime traces have been corrected for pump 

laser-induced fluorescence emission at time≈τ0, using an active background subtraction 

scheme. All transient absorption measurements are made using degassed samples by 

means of a freeze, pump, and thaw procedure within a modified fluorescence quartz 

cuvette. The lifetime data have been fitted as single (1) or biexponential (2) decays with 

the Origin software package using an NLLS algorithm that considers the deconvolution 

of the laser pulse. Uncertainties in lifetimes are taken directly from the NLLS fitting 

algorithm and are not indicative of fluctuations over multiple datasets. 

𝐼(t)=A1 exp
-t

τ1
           (1) 

 
x Permanganic solution was prepared by dissolving a few milligrams of crystalline KMnO4 in 100 
mL of concentrated H2SO4.  
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𝐼(t)=A1 exp
-t

τ1
+ A2 exp

-t

τ2
         (2) 

Where n are the lifetime values and An
 represent the intensity of the emission at t=0. 

Electrochemical measurements: Cyclic voltammetry (CV) measures were carried out 

at room temperature in N2 purged solution with dry solvents using an AUTOLAB 

PGSTAT 204. Differential pulse voltammetry (DPV) measures were performed at 

Università di Bologna, in the Prof. Giacomo Bergamini group. A glassy carbon electrode 

with a 3 mm diameter has been used as a working electrode, an Ag wire as a pseudo-

reference electrode (AgQRE) and a Pt spiral as a counter electrode. The working electrode 

and AgQRE electrodes were polished on a felt pad with 0.05 or 0.3 µm alumina 

suspension and then sonicated in deionized H2O for few mins before each experiment; 

the Pt wire was flame-cleaned. Tetrabutylammonium hexafluorophosphate (TBAPF6) has 

been used as a supporting electrolyte at a concentration around 0.1 M. Ferrocene (Fc) and 

decamethylferrocene (FcMe10) have been added as internal reference: E1/2 (Fc+/0) in 

CH2Cl2 = 0.46 V vs SCE; E1/2(FcMe10
+/0) in CH2Cl2 = -0.072 V vs SCE.[211,225] HOMO 

and LUMO energies were calculated from the first formal redox potentials (halfwave 

potentials) using equations (1) and (2):[176] 

E (HOMO) = - (5.1 eV + E1/2
ox.1 vs Fc+/0)        (3) 

E (LUMO) = - (5.1 eV + E1/2
red.1 vs Fc+/0)        (4) 

When oxidation or reduction waves were not detected, energy levels have been calculated 

using the optical gap ΔE00, considering the lowest energy crossing point between 

normalized absorption and emission spectra. Energies expressed in nm were converted in 

electronvolt by the equation (5): 

Ecross[eV] = 1240.5/λcross[nm]          (5) 

Spectroelectrochemical measurements have been carried out in a 0.5 mm light path 

quartz cell, equipped with a Pt grate counter electrode, an Au rod working electrode and 

an Ag/AgCl reference electrode attached to an AUTOLAB PGSTAT 204 potentiostat. 

The spectra have been recorded on an Agilent Cary 5000 UV-Vis spectrophotometer. 

Theoretical Calculations were performed using Gaussian09 including the D.01 

revision.[339] Geometry optimizations and frontier orbitals calculations were carried out 

in vacuum employing the hybrid functionals B3LYP or CAM-B3LYP, and different basis 
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sets are reported case by case in the text. When possible, the resolved crystal structure 

was used as a starting geometry for the optimization. NICS surfaces were calculated using 

a flat array of ghost atoms separated by 0.1 Å placed 1 Å over the molecular plane. The 

data were processed using the software NotePad++ and plotted using Originlab 2019b. 

Electrostatic surfaces potential (ESP) maps were plotted on the van der Waals surface of 

molecules up to electron density of 0.05 electron/bohr-3 and plotted using Gaussview 4. 

ACID surfaces were calculated using the script kindly provided by the Herges 

Group[203,204] and plotted using POV-Ray software. 

XPS measurements X-ray photoelectron spectroscopy (XPS) was performed on a 

Thermo Fisher Scientific K-alpha+ spectrometer. Samples were analysed using a micro-

focused monochromatic Al x-ray source (36 W) over an elliptical area of approximately 

200x400 microns. Data was recorded at pass energies of 150 eV for survey scans and 40 

eV for high-resolution scans with 1 eV and 0.1 eV step sizes, respectively. The charge 

neutralisation of the sample was achieved using a combination of both low energy 

electrons and argon ions. Data analysis was performed in CasaXPS using a Shirley type 

background and Scofield cross-sections, with an energy dependence of -0.6. All data was 

calibrated to the C(1s) line taken to be 285 eV. 

 

 Material and general methods for the syntheses 

Chemicals were purchased from Sigma Aldrich, Acros Organics, TCI, Apollo Scientific, 

Alfa Aesar and Fluorochem and were used as received unless specified otherwise. 

Solvents were purchased from Fluorochem, Sigma Aldrich and Acros Organics. 

Deuterated solvents were purchased from Eurisotop and Sigma Aldrich. THF, Et2O and 

CH2Cl2 were dried on a Braun MB SPS-800 solvent purification system. Low-

temperature baths were prepared using different solvent mixtures depending on the 

desired temperature: -78 °C with acetone/dry ice, -40 °C with ACN/dry ice and 0 °C with 

ice/H2O. Anhydrous conditions were achieved by flaming two necked flasks with a heat 

gun under vacuum and purging with N2. The inert atmosphere was maintained using N2-

filled balloons equipped with a syringe and needle that was used to penetrate the rubber 

stoppers used to close the flask’s necks. Additions of liquid reagents were performed 



Chapter 5 

Cardiff University 141 Chemistry Department 
 

using dried plastic or glass syringes. All reactions were performed in dry conditions and 

under N2 atmosphere unless otherwise stated.  

 Photophysical, electrochemical and computational data 

5.3.1 Chapter 2 

 

 

Figure 5-2. Time-resolved transient absorption decay traces (only monoexponential fitting shown 
for clarity) of a PXXMI solution ca. 1.0×10-5 M in deaerated C6H6 in the presence of increasing 
amounts of DIPEA, from 0 (purple line) to ca. 48 mM (red line); λabs = 615 nm; λpump = 532 nm. 
b) Stern-Volmer plot relative to the triplet excited state quenching by DIPEA, λabs = 615 nm (3T 
kq(DIPEA) = 2.5×106 M-1s-1). 

 

 

Figure 5-3. a) Time-resolved transient absorption decay traces (only monoexponential fitting 
shown for clarity) of a deaerated C6H6 of PXXDI (ca. 1.0×10-5 M) in the presence of increasing 
amounts of DIPEA, from 0 (purple line) to ca. 190 mM (blue line); λabs = 615 nm; λpump = 532 nm. 
b) Stern-Volmer plot relative to the triplet excited state quenching by DIPEA, λabs = 615 nm  
(3T kq(DIPEA) < 10-5 M-1s-1). 
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Figure 5-4. Transient absorption decay traces in deaerated C6H6
 at ~1.0×10-5 M for PXXDI (A), 

PXX (B) and PXXMI (C). Red solid traces represent mono-exponential fittings of the data.  

 

 

Figure 5-5. Absorption (solid line), luminescence (dashed line) and phosphorescence (dotted 
line) spectra of PXX (blue traces, exc = 389 nm) and 2-6H (red traces, exc = 445 nm), recorded 
in aerated CH2Cl2 at rt. Phosphorescence intensity has been magnified and measured after the 
addition of a drop of CH3I in a CHCl3/CH2Cl2 (1/1 v/v) glass matrix at 77K.  
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Figure 5-6. Absorption spectra for 2-6H in different solvents. Inset. max in different solvents. 
Dielectric constants are reported. 

 

Figure 5-7 CV of 2-6H (red trace, 0.9 mM, E1/2 FcMe10
+/0 = -0.532 V vs Fc+/0) and PXX (black 

trace, 1.0 mM, Fc was used as reference) in a CH2Cl2 solution at rt. 

 

 

Solvent  max [nm] E [eV] 

Toluene 2.38 503 2.47 

CH2Cl2 8.93 500 2.48 

DMF 36.7 500 2.48 
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Figure 5-8. From top: CV of trans-2-8H (black traces), 2-7H (red), 2-9Oct (blue) in CH2Cl2 at rt. 
Scan rate 0.05 V/s, TBAPF6 was used as electrolyte and ferrocene was used as internal reference 
standard for 2-7H, trans-2-8H. Decamethylferrocene was used as internal reference for 2-9Oct 

(Me10Fc+/0 vs Fc+/0 in CH2Cl2: -532±1 mV).[211] 

 

 

Figure 5-9. Spectroelectrochemical analysis in CH2Cl2 at rt for 2-9Oct at different 
voltages, corresponding to the neutral (0 V vs Ag/AgNO3 black trace), first (0 V to -1.14 
V vs Ag/AgNO3, blue trace) and second (-1.14 V to -1.7 V red trace) reduction. Spectra 
have been recorded scanning toward positive potentials. 
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Figure 5-10. Left column. Cyclic Voltammograms of 2-6H (A,1.00 mM), 2-7H (B, 0.60 mM), 
trans-8H (C, 0.80 Mm), 2-9Oct (D, 0.70 Mm) at variable scan rates, recorded in CH2Cl2. TBAPF6 
as supporting electrolyte (around 0.1 M). Ferrocene was used as internal reference standard. Right 
column. Linear dependence between anodic or cathodic peak currents and (scan rate)1/2. For each 
regression, the R-squared coefficient is reported. 

 

 

D 
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Figure 5-11. NICS(1)-GIAO surfaces for PXX, (PXX)+1 and (PXX)+2 calculated from the 
B3LYP/6-31+G** optimized geometry in vacuum. 
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Figure 5-12. NICS(1)-GIAO surfaces for 2-6H, (2-6H)+1 and (2-6H)+2 calculated from the 
B3LYP/6-31+G** optimized geometry in vacuum. 
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Cartesian coordinates for the optimised structure of armchair 

 

T. El. X Y Z 

1 C 2.333323 -3.94843 -1.3E-05 
2 C 0.921259 -3.77098 -0.00048 
3 C 0.373793 -2.50315 -0.00112 
4 C 1.230208 -1.37778 -0.00127 
5 C 2.625263 -1.5534 -0.00079 
6 C 3.178252 -2.85495 -0.00017 
7 C 0.714077 -0.06136 -0.00164 
8 C 1.528376 1.064721 -0.00147 
9 C 2.935731 0.883228 -0.00106 
10 C 3.448985 -0.40474 -0.00074 
11 O -1.0107 -2.34149 -0.00169 
12 C -1.52838 -1.06472 -0.00148 
13 C -0.71408 0.061355 -0.00164 
14 C -1.23021 1.37778 -0.00127 
15 C -0.37379 2.503153 -0.00112 
16 O 1.010702 2.341493 -0.00169 
17 C -2.93573 -0.88323 -0.00106 
18 C -3.44899 0.40474 -0.00074 
19 C -2.62526 1.553398 -0.00079 
20 C -3.17825 2.854948 -0.00017 
21 C -2.33332 3.948427 -1.3E-05 
22 C -0.92126 3.77098 -0.00048 
23 C -4.86453 0.632681 0.000045 
24 C -5.37786 1.916743 0.000609 
25 O -4.55641 3.033206 0.000184 
26 O -3.76413 -1.98031 -0.00095 
27 C -5.14204 -1.79622 0.000073 
28 C -5.71516 -0.49641 0.000524 
29 C -7.12926 -0.32748 0.001522 
30 C -7.62275 1.011948 0.002017 
31 C -6.7761 2.10744 0.00159 
32 C -5.95009 -2.9132 0.00056 

33 C -7.35744 -2.74488 0.001499 
34 C -7.94294 -1.49346 0.00198 
35 C 4.864528 -0.63268 0.000046 
36 C 5.377856 -1.91674 0.000609 
37 O 4.556406 -3.03321 0.000185 
38 O 3.764134 1.980305 -0.00095 
39 C 5.142037 1.796222 0.000074 
40 C 5.715158 0.496409 0.000524 
41 C 7.129262 0.327477 0.001522 
42 C 7.622749 -1.01195 0.002017 
43 C 6.776101 -2.10744 0.001589 
44 C 5.950094 2.913201 0.000561 
45 C 7.357442 2.744884 0.001499 
46 C 7.942938 1.49346 0.001979 
47 H 2.750396 -4.94957 0.000485 
48 H 0.268455 -4.63706 -0.00034 
49 H -2.7504 4.949573 0.000486 
50 H -0.26846 4.637063 -0.00033 

51 H -8.69721 1.171429 0.002773 
52 H -7.17042 3.11837 0.002013 
53 H -5.50337 -3.9014 0.000219 
54 H -7.98484 -3.63121 0.001858 
55 H -9.02416 -1.39119 0.0027 
56 H 8.697206 -1.17143 0.002771 
57 H 7.170422 -3.11837 0.002012 
58 H 5.503366 3.901399 0.00022 
59 H 7.984839 3.631213 0.001858 
60 H 9.024159 1.391185 0.002698 
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Cartesian coordinates for the optimised structure of zig-zag 

 

 

N El. X Y Z 
1 C 9.08092 1.46321 0.00125 
2 C 7.86996 2.20087 0.00088 
3 C 6.67051 1.52023 0.00049 
4 C 6.66102 0.09822 0.00046 
5 C 7.87595 -0.64455 0.00086 
6 C 9.09873 0.08129 0.00125 
7 C 5.4226 -0.57664 5.3E-05 
8 C 5.34846 -1.95529 7.5E-05 
9 C 6.53755 -2.71309 0.00047 
10 C 7.76498 -2.06826 0.00085 
11 O 5.48996 2.25671 0.00011 
12 C 4.27487 1.59962 -0.0002 
13 C 4.23652 0.21962 -0.00029 
14 C 3.00695 -0.46144 -0.00056 
15 C 2.94872 -1.88133 -0.00048 
16 O 4.12241 -2.61827 -0.00031 
17 C 3.08245 2.36707 -0.00038 
18 C 1.86437 1.70145 -0.00069 
19 C 1.81557 0.27918 -0.00081 
20 C 0.58833 -0.40087 -0.00102 
21 C 0.53747 -1.78132 -0.00086 
22 C 1.72841 -2.54766 -0.0006 
23 O 0.68878 2.44135 -0.00095 
24 C -0.53747 1.78132 -0.00086 
25 C -0.58833 0.40087 -0.00102 
26 C -1.81557 -0.27918 -0.00081 
27 C -1.86437 -1.70145 -0.00069 
28 O -0.68878 -2.44135 -0.00095 
29 C -1.72841 2.54766 -0.0006 
30 C -2.94872 1.88133 -0.00048 

31 C -3.00695 0.46144 -0.00056 
32 O -4.12241 2.61827 -0.00031 
33 C -5.34846 1.95529 7.5E-05 
34 C -5.4226 0.57664 5.3E-05 
35 C -4.23652 -0.21962 -0.00029 
36 C -6.66102 -0.09822 0.00046 
37 C -6.67051 -1.52023 0.00049 
38 O -5.48996 -2.25671 0.00011 
39 C -4.27487 -1.59962 -0.0002 
40 C -3.08245 -2.36707 -0.00038 
41 C -6.53755 2.71309 0.00047 
42 C -7.76498 2.06826 0.00085 
43 C -7.87595 0.64455 0.00086 
44 C -9.09873 -0.08129 0.00125 
45 C -9.08092 -1.46321 0.00125 
46 C -7.86996 -2.20087 0.00088 
47 H 10.0187 2.01076 0.00155 
48 H 7.87611 3.28539 0.0009 
49 H 10.042 -0.45693 0.00156 
50 H 6.47744 -3.79662 0.00048 
51 H 8.67459 -2.66184 0.00115 
52 H 3.12554 3.45002 -0.00027 
53 H 1.68869 -3.6308 -0.00049 
54 H -1.68869 3.6308 -0.00049 
55 H -3.12554 -3.45002 -0.00027 
56 H -6.47744 3.79662 0.00048 
57 H -8.67459 2.66184 0.00115 
58 H -10.042 0.45693 0.00156 
59 H -10.0187 -2.01076 0.00155 
60 H -7.87611 -3.28539 0.0009 
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Figure 5-13. Molecular orbitals calculated for 2-6 H, 2-7H, trans-2-8 H, 2-9 H at B3LYP/cc-pVTZ 
level of theory. 

 

 

  

2-6H    2-7H    trans-2-8  2-9H 
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5.3.2 Chapter 3 

Photophysical data 

 

Figure 5-14. Absorption and emission (λexc = 399 nm) spectra of 3-2 recorded in aerated ACN at 
rt. 

 

Figure 5-15. Excitation and emission spectra for dry bPDMS3 (A) and bPS4 (B). 

 

Figure 5-16. Photoluminescence lifetime in aerated CH2Cl2 solution at rt of 3-2 (A) and 3-13 (B). 
λexc = 405 nm; λem = 470 nm. 
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Figure 5-17. Deconvolution of excitation spectrum for bPS1 in 3 gaussian functions and relative 
fitting parameters. The fitting procedure started placing the centre of the Gaussian functions in 
correspondence to the absorption maxima of the spectrum of 3-2 in CH2Cl2. 

 

Electrochemical Data 

 

 

Figure 5-18. A. Cyclic Voltammogram of 3-2 at variable scan rates, recorded in CH2Cl2. TBAPF6 
as supporting electrolyte (around 0.1 M). Decamethylferrocene (FcMe10) was used as internal 
reference standard (E1/2 ox (FcMe10) = -0.072 V vs SCE). B. Linear dependence between anodic or 
cathodic peak currents and (scan rate)1/2. For each regression, the R-squared coefficient is 
reported. 

A 

B 
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Figure 5-19. A. Cyclic Voltammogram of 3-13 at variable scan rates, recorded in CH2Cl2. 
TBAPF6 as supporting electrolyte (around 0.1 M). Decamethylferrocene (FcMe10) was used as 
internal reference standard (E1/2

ox (FcMe10) = -0.072 V vs SCE). B. Linear dependence between 
anodic or cathodic peak currents and (scan rate)1/2. For each regression, the R-squared coefficient 
is reported. 

 

ATR-FTIR Data 

 

Figure 5-20. Overlapped normalised ATR-FTIR spectra of bPDMS0 (blue trace), bPDMS1 
(green trace) and differences after normalisation (red trace). The bands at 1500 cm-1 and  
3500 cm-1 have been assigned to the presence of R-NH2 groups. 

 

A 

B 
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Figure 5-21. Overlapped normalised ATR-FTIR spectra of 3-2 (green trace), bPS0 (black trace), 
bPS4 (red trace) and differences after normalisation (blue trace). 

 

 

Figure 5-22. Overlapped normalised ATR-FTIR spectra of bPDMS1 (black trace) and bPDMS2 
(red trace); bPDMS2 spectrum after the subtraction of bPDMS1 spectrum. 
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XPS Data 

Table 5-1. XPS data recorded for bPS0, bPS1, bPS3 and bPS4. 

Sample Name B.E [eV] Area/(RSF*T*MFP) %At Conc. 

bPS0 C 1s 285 56182.22 70.46 
 C 1s 286.78 5067.66 6.36 
 C 1s 285.81 8854.79 11.1 
 C 1s 288.21 1094.1 1.37 
 O 1s 533.07 5028.6 6.31 
 O 1s 531.9 3164.64 3.97 
 Si 2p 102.71 346.04 0.43 

bPS1 C 1s 285 54375.98 62.73 
 C 1s 287.94 2496.28 2.88 
 C 1s 286.38 10575.53 12.2 
 Cl 2p (St. 1) 197.57 85.39 0.1 
 Cl 2p (St. 1) 199.17 42.7 0.05 
 Cl 2p (St. 2) 200.68 176.6 0.2 
 Cl 2p (St. 2) 202.28 88.31 0.1 
 N 1s 400.27 1617.96 1.87 
 N 1s 402.5 172.27 0.2 
 N 1s 399.11 649.56 0.75 
 O 1s 534.07 2627.37 3.03 
 O 1s 532.46 10336.16 11.92 
 Si 2p (St. 1) 102.3 2292.86 2.65 
 Si 2p (St. 1) 103.02 1146.44 1.32 

bPS3 C 1s 285 55565.5 56.58 
 C 1s 287 7112.84 7.24 
 C 1s 286.02 11189.51 11.39 
 C 1s 288.56 2276.34 2.32 
 Cl 2p (St. 1) 197.83 421.62 0.43 
 Cl 2p (St. 1) 199.43 210.82 0.21 
 Cl 2p (St. 2) 200.84 262.01 0.27 
 Cl 2p (St. 2) 202.44 131.01 0.13 
 N 1s 400.39 1903.1 1.94 
 N 1s 402.57 710.73 0.72 
 N 1s 399.41 714.18 0.73 
 O 1s 533.29 7070.98 7.2 
 O 1s 532.23 7900.56 8.04 
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 Si 2p (St. 1) 102.37 1826.75 1.86 
 Si 2p (St. 1) 103.09 913.38 0.93 

bPS4 C 1s 285 60347.84 62.5 
 C 1s 286.95 4177.94 4.33 
 C 1s 285.89 9025.6 9.35 
 C 1s 288.5 2493.46 2.58 
 N 1s 400.23 1856.53 1.92 
 N 1s 402.46 101.9 0.11 
 N 1s 399.17 466.48 0.48 
 O 1s 533.72 2616 2.71 
 O 1s 532.28 12116.74 12.55 
 Si 2p (St. 1) 102.25 2236.55 2.32 
 Si 2p (St. 1) 102.96 1118.29 1.16 

3-2 C 1s 285 61598.14 53.83 
 C 1s 286.15 7569.91 6.62 
 N 1s 399.96 766.77 0.67 
 O 1s 533.78 2363.06 2.07 
 O 1s 532.55 20861.5 18.23 
 O 1s 530.95 494.22 0.43 
 Si 2p (st. 1) 102.4 13847.14 12.1 
 Si 2p (st. 1) 103.11 6923.64 6.05 

 

 

Figure 5-23. Left. N1s XPS spectra recorded for bPS4; gaussian fittings are reported, along with 
the sum envelope. Signals assigned to the anchoring of the photocatalyst has been reported in 
blue, free NH2 in red and capping agent in green. Right. Peak values for N1s electrons for each 
contribution. 

 

B.E. 
[eV] 

Area peak /Area 
Envelope 

399.22 19.2 % 

400.22 76.7 % 

402.52 4.2 % 
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Figure 5-24. 1H NMR after 72 h for recycling reaction of bPS3. 
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5.3.3 Chapter 4 

Procedure for the CMC calculation for Zonyl FS-300 in H2O 

Micelles are self-assembled spherical micrometrical structures that are formed when the 

concentration of amphiphilic molecules, called surfactants, is higher than the critical 

micelle concentration (CMC).[340]. Each surfactant possesses a different CMC depending 

on the two phases involved and on the temperature. This parameter could be estimated by 

measuring the variation of contact angle between a solid flat surface and droplets 

containing different concentrations of surfactant (figure 5-25).[341] At low concentrations, 

the surfactant molecules are adsorbed at the interface between the two phases, reducing 

their surface tension. When the concentration of surfactant is high enough to saturate the 

interface (CMC) the following molecules will tend to aggregate, generating micelles. An 

increasing concentration of surfactant beyond the CMC is not affecting the surface 

tension.  

Figure 5-25. Left. Micelle formation steps with a relative extent of contact angle. Upon addition 
of surfactant, the drop spreads and the contact angle decreases (A-C) until saturation of the 
interface (C). The additional surfactant molecules aggregate into micelles within the bulk liquid 
and no variation of the contact angle is observed (D-E). Right. Plot and relative double linear 
fitting for contact angle against micellar concentration. The crossing point between the two lines 
represents the CMC. Adapted with permission from ref 341. Copyright 2018 American Chemical 
Society. 

The observed contact angle is then plotted against the surfactant concentration. The 

results will then show that after a specific concentration, the surface tension remains 

almost constant (figure 5-25, right). By performing two linear regressions before and after 

this point, it will be possible to obtain the CMC by the intersection between the two lines 

(figure 5-25, right). The protocol was applied to the H2O/ Zonyl FS-300 system and by 

averaging two different sets of regressions, a CMC = 0.2% m/V was calculated (figure 

5-26). 
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Figure 5-26. Plot reporting the contact angle observed for different solutions of H2O/Zonyl  
FS-300 system at different concentrations. The red lines represent the fitting of the first four points 
and the remaining three. The green line represents the fitting of the first three points separated 
from the other four. The CMC value was calculated from the average of the two cross points. 

Lifetime Decays 

 

Figure 5-27. Photoluminescence lifetime in aerated CH2Cl2 solution at rt of 4-1. λexc = 405 nm; 
λem = 572 nm. 

 

Figure 5-28. Photoluminescence lifetime in aerated CH2Cl2 solution at rt of 4-7. λexc = 405 nm; 
λem = 572 nm.  
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 Synthetic procedures  

5.4.1 Chapter 3 

 

5.4.1.1 Xantheno[2,1,9,8-klmna]xanthene (PXX) 

O

O

 

Path A. Following already reported procedure,[136] to a mixture of 1,1’-bi-2-naphthol 

(2.150 g, 7.5 mmol), K2CO3
 (2.07 g, 15 mmol) and CuCl(I) (222.47 g, 2.25 mmol) in m-

xylene (10 mL), N-methylimidazole (0.38 mL, 4.5 mmol) was added, the mixture heated 

at reflux for 20 h under air and then cooled to rt. The crude was filtered through celite and 

dried under reduced pressure. The product was purified by silica gel short pad (eluent 

pure CHCl3) and subsequently recrystallized from toluene, giving the desired product as 

a yellow powder (1.056 g, 50%). Path B. Same synthetic condition of path A was 

followed, but after filtration through silica gel, the crude was sublimed yielding 3-11 in 

50% yield. M.p. 228-232 °C. 1H NMR (400 MHz, THF-d8) δ 7.38 (dd, J = 9.1, 4.4 Hz, 

2H), 7.20 – 7.03 (m, 4H), 6.96 (dd, J = 9.1, 4.4 Hz, 2H), 6.72 – 6.60 (m, 2H). 1H NMR 

(300 MHz, CDCl3) δ 7.29 (d, J = 9.0 Hz, 2H), 7.13 – 7.05 (m, 4H), 6.90 (d, J = 9.0 Hz, 

2H), 6.67 – 6.60 (m, 2H). 13C NMR (101 MHz, THF-d8) δ 153.7, 145.4, 132.7, 128.2, 

127.6, 122.5, 121.3, 118.3, 112.3, 109.7. IR (ATR)  (cm-1): 501.49, 518.85, 565.14, 

590.22, 653.87, 719.45, 734.88, 752.24, 759.95, 777.31, 808.17, 866.04, 900.76, 943.19, 

1047.35, 1074.35, 1134.14, 1168.86, 1209.37, 1226.73, 1255.66, 1330.88, 1344.38, 

1425.40, 1465.90, 1504.48, 1591.27, 1604.77, 1627.92, 3055.24. ASAP-HRMS [M]+ 

calc. for C20H10O2: 282.0681, found: 282.0691.  
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5.4.1.2 3-Bromoxantheno[2,1,9,8-klmna]xanthene (3-1) 

 

A solution of NBS (0.113 g, 0.63 mmol) in dry DMF (20 mL) was added dropwise to a 

suspension of PXX (200 mg, 0,70 mmol) in dry DMF (10 mL) at -40 °C for 30 mins. The 

resulting solution was stirred for 24 h at rt. The reaction was diluted with H2O (50 mL) 

and stirred for additional 30 mins. The precipitate was filtered and washed with H2O (3 x 

50 mL), MeOH (20 mL) and cold CH2Cl2 (5 mL), to afford the desired product as yellow 

solid (240 mg). The product has been used for the next step without further purification. 

The HR mass spectrum confirmed the presence of residual PXX and 3,9-

dibromoxantheno[2,1,9,8-klmna]xanthene, which were non separable by silica gel 

chromatography, precipitation and crystallisation in toluene, not allowing the 

characterisation of the compound by NMR, m.p. and IR. ES-HRMS [M]+: calc. for 

[C20H9O2Br]+: 359.9785, found: 359.9786. 

 

5.4.1.3 N-propyl-4-(xantheno[2,1,9,8-klmna]xanthen-3-yl)benzamide (3-2) 

 

To a solution of 3-1 (60 mg, 0.16 mmol) in unstabilised THF (10 mL), XPhos (6.34 mg, 

0.013 mmol), Pd(OAc)2 (1.9 mg, 8.31 μmol), K3PO4 (53 mg, 0.25 mmol) and 4-(n-

propylcarbamoyl)benzeneboronic acid (68 mg, 0.33 mmol) were added. The mixture was 

degassed by freeze pump thaw (3 × 5 min at around 0.1 mbar) and then heated to reflux 

overnight under nitrogen atmosphere in dark. The mixture was then diluted with THF (20 

mL) and washed with ammonium chloride (30 mL) and brine (2 × 30 mL). The aqueous 

phase was then washed with THF (2 × 10 mL). The organic layers were collected, water 

residues eliminated through Na2SO4 and dried under reduced pressure. The crude was 

partially dissolved in hot toluene and CH2Cl2 and purified by silica gel chromatography 
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(eluent pure toluene until the removal of the first spot and then 7/3 PE/EtOAc), providing 

the desired compound as a yellow solid (60%, 44 mg).  

M.p. > 360 °C. 1H NMR (300 MHz, CD2Cl2) δ 7.84 (d, J = 8.3 Hz, 2H), 7.52 (d, J = 8.3 

Hz, 2H), 7.39 (dd, J = 9.2, 6.7 Hz, 2H), 7.17 – 7.05 (m, 3H), 6.94 (dd, J = 16.3, 9.2 Hz, 

2H), 6.75 (d, J = 7.9 Hz, 1H), 6.67 (dd, J = 5.7, 2.8 Hz, 1H), 6.24 (s, 1H), 3.49 – 3.37 (m, 

2H), 1.73 – 1.59 (m, 2H), 1.01 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, DMSO-d6) δ 

165.8, 151.6, 151.6, 144.0, 143.6, 141.4, 133.7, 132.0, 131.0, 128.9, 128.5, 128.4, 128.2, 

127.6, 127.3, 127.1, 124.8, 121.0, 120.6, 117.9, 117.5, 111.0, 110.3, 109.1, 109.0, 41.0, 

22.4, 11.5. IR (ATR) (cm-1) 516.94, 589.28, 688.62, 719.48, 742.63, 765.77, 779.28, 

814.96, 827.5, 948.05, 1050.29, 1071.5, 1149.62, 1204.6, 1226.78, 1255.71, 1319.37, 

1410.99, 1436.07, 1465.96, 1504.54, 1540.23, 1605.81, 1630.88, 1723.47, 2852.84, 

2869.24, 2927.10, 2951.22, 2962.79, 3054.41, 3302.27. ES-HRMS [M+H]+ calc. for 

[C30H22NO3]+: 444.1600, found: 444.1600. 

 

5.4.1.4 Methyl 4-(xantheno[2,1,9,8-klmna]xanthen-3-yl)benzoate (3-3) 

 

To a solution of 3-1 (0.300 g, 0.83 mmol), XPhos (0.030 g, 0.06 mmol), Pd(OAc)2 (9.32 

mg, 0.042 mmol), K3PO4 (0.529 g, 2.49 mmol) in THF (20 mL), (4-

(methoxycarbonyl)phenyl)boronic acid (0.488 g, 2.49 mmol) has been added and the 

mixture was degassed by freeze pump thaw (3 × 15 min at 10-4 bar) and heated to reflux 

for 18 h. The mixture was then diluted with THF (20 mL) and washed with brine (3 × 30 

mL). The aqueous phase was furtherly extracted with THF (2 × 20 mL).Successively, the 

organic layers was dried with MgSO4 and evaporated under reduced pressure. The crude 

was purified by silica gel chromatography (eluent P.E./CH2Cl2 9/1 to P.E./CH2Cl2 1/1) 

affording the desired compound as a yellow solid (80%, 0.277 g). M.p. 258-260 °C 1H 

NMR (300 MHz, THF-d8) δ 8.11 (d, J = 8.3 Hz, 2H), 7.56 (d, J = 8.3 Hz, 2H), 7.42 (dd, 

J = 9.2, 1.8 Hz, 2H), 7.21 – 7.08 (m, 3H), 6.98 (dd, J = 10.6, 9.3 Hz, 2H), 6.78 (d, J = 

8.0 Hz, 1H), 6.68 (dd, J = 6.9, 1.5 Hz, 1H), 3.90 (s, 3H). 13C NMR (101 MHz, THF-d8) 

13C NMR (101 MHz, THF) δ 167.0, 153.7, 153.6, 145.8, 145.4, 133.4, 133.3, 132.8, 
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130.7, 130.4, 130.4, 130.2, 129.4, 128.3, 127.9, 125.9, 122.9, 122.8, 121.4, 118.6, 118.3, 

112.7, 112.1, 109.9, 109.8, 52.3. IR (ATR)  (cm-1): 418.55, 447.49, 476.42, 493.78, 

516.92, 542.00, 549.71, 567.07, 574.79, 596.00, 628.79, 644.22, 653.87, 705.95, 719.45, 

736.81, 748.38, 763.81, 779.24, 808.17, 831.32, 840.96, 854.47, 927.76, 950.91, 1014.56, 

1051.2, 1072.42, 1105.21, 1118.71, 1168.86, 1205.51, 1228.66, 1255.66, 1290.38, 

1303.88, 1413.82, 1436.97, 1467.83, 1500.62, 1562.34, 1604.77, 1624.06, 2852.72, 

2960.73, 3055.24. AP-HRMS [M]+ calc. for [C28H16O4]+: 417.1049, found: 417.1118. 

 

5.4.1.5 4-(Xantheno[2,1,9,8-klmna]xanthen-3-yl)benzoic acid (3-4) 

 

To a solution of 3-3 (40 mg, 0.096 mmol) in a 4/1 mixture of stabilised THF/EtOH (5 

mL), a 2M aqueous solution of NaOH (3 mL, 6 mmol) was added. The mixture was 

degassed by freeze pump thaw (3 × 3 min at 10-4 bar) and then stirred at rt for 18 h in 

dark at 50 °C. The solution was then quenched with a 5% aqueous HCl solution (10 mL), 

washed with brine (10 mL) and H2O (2×10 mL). The organic layer was collected, dried 

over Na2SO4, filtered and evaporated under vacuum, to afford the desired compound as a 

yellow solid (0.031 g, 80%). M.p. > 360 °C. 1H NMR (300 MHz, DMSO-d6) 8.06 (d, J 

= 8.3 Hz, 2H), 7.56 (d, J = 8.3 Hz, 2H), 7.50 (d, J = 9.1 Hz, 1H), 7.36 (d, J = 9.3 Hz, 1H), 

7.27 – 7.02 (m, 5H), 6.84 (d, J = 8.0 Hz, 1H), 6.75 (dd, J = 7.4, 0.8 Hz, 1H). 13C NMR 

(101 MHz, DMSO-d6) δ 167.6, 151.7, 151.6, 144.0, 143.6, 131.7, 130.3, 131.0, 129.7, 

129.2, 128.4, 128.4, 128.3, 128.0, 127.6, 127.2, 125.5, 124.7, 120.6, 117.9, 117.4, 111.0, 

110.3, 109.1, 109.0. IR (ATR) (cm-1): 514.99, 538.14, 551.64, 567.07, 597.93, 644.22, 

653.87, 665.44, 686.66, 707.88, 719.45, 734.88, 746.45, 769.60, 779.24, 808.17, 840.96, 

860.25, 881.47, 927.76, 948.98, 1016.49, 1047.35, 1070.49, 1095.57, 1130.29, 1168.86, 

1205.51, 1255.66, 1294.24, 1319.31, 1363.67, 1398.39, 1417.68, 1433.11, 1465.90, 

1500.62, 1604.77, 1625.99, 1676.14, 1726.29, 2852.72, 2920.23, 2956.87. ES-HRMS 

[M]+ calc. for [C27H14O4]+: 402.0892, found: 402.0897. 
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5.4.1.6 4-(xantheno[2,1,9,8-klmna]xanthen-3-yl)benzoyl chloride (3-5) 

 

To an ice-cooled solution of 3-4 (40 mg, 0.099 mmol) in CH2Cl2 (5 mL), oxalyl chloride 

(0.025 g, 0.200 mmol) was slowly added dropwise. A few drops of DMF were added and 

the mixture was stirred and kept in the dark for 18 h and the solution directly for the 

anchoring to the polymer supports. 

 

5.4.1.7 6-(2,6-Dimethylphenyl)naphthalen-2-ol (3-7) 

 

The 2-step synthesis of 3-2 followed the procedure already reported by our group.[172] 

 

5.4.1.8 6-(2,6-Dimethylphenyl)-6'-methoxy-[1,1'-binaphthalene]-2,2'-diol (3-8) 

 

To an ice-cold solution of CuCl2 (0.215 g, 1.61 mmol) in MeOH (5 mL), -

phenylethylamine (0.215 g, 1.77 mmol) was added and the resulting blue-green mixture 

degassed under N2 for 15 min. A solution of 6-methoxy-2-naphthol (0.140 g, 0.81 mmol) 

and 3-2 (0.200 g, 0.81 mmol) in CH2Cl2 (15 mL) was then added and the mixture stirred 

for 2 h at rt. A 10% aqueous solution of HCl (20 mL) was added and the resulting mixture 

stirred for 30 min at rt. The organic layer was separated and the aqueous layer washed 

with additional CH2Cl2 (2 × 20 mL). The combined organic layers were dried over MgSO4 

and evaporated under vacuum. The residue was chromatographed on silica (eluent 
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P.E./EtOAc 9/1) to give the desired compound as a light-brown solid (71 mg, 31%). M.p. 

238-240 °C. 1H NMR (300 MHz, CD2Cl2) δ 7.98 (d, J = 8.9 Hz, 1H), 7.91 (d, J = 8.9 Hz, 

1H), 7.67 (d, J = 1.5 Hz, 1H), 7.37 (dd, J = 8.9, 7.5 Hz, 2H), 7.27 (d, J = 2.5 Hz, 1H), 

7.23 – 7.08 (m, 6H), 7.01 (dd, J = 9.2, 2.6 Hz, 1H), 5.16 (s, 1H), 5.06 (s, 1H), 3.90 (s, 

3H), 2.03 (s, 6H). 13C NMR (75 MHz, CD2Cl2) δ 157.0, 153.2, 151.7, 142.0, 137.3, 136.8, 

132.8, 131.8, 131.1, 130.5, 130.2, 129.7, 129.2, 128.8, 127.8, 127.6, 126.2, 124.7, 120.3, 

120.2, 118.7, 118.3, 112.0, 111.9, 107.4, 100.6, 55.9, 21.3, 21.2. IR (ATR)  (cm-1): 

603.72, 617.22, 626.87, 663.51, 678.94, 694.37, 736.81, 779.24, 788.89, 802.39, 817.82, 

829.39, 856.39, 891.11, 914.26, 945.12, 954.76, 966.34, 981.77, 1026.13, 1070.49, 

1099.43, 1124.50, 1136.07, 1163.08, 1186.22, 1215.15, 1234.44, 1261.45, 1271.09, 

1276.88, 1336.67, 1355.96, 1373.32, 1406.11, 1427.32, 1448.54, 1458.18, 1483.26, 

1512.19, 1593.20, 2933.73, 2960.73, 3456.44, 3531.66. EI-HRMS [M]+ calc. for 

[C29H24O3]+: 420.1720, found: 420.1721. 

 

5.4.1.9 2-(2,6-Dimethylphenyl)-8-methoxyxantheno[2,1,9,8-klmna]xanthene (3-9) 

 

To a mixture of 3-8 (0.150 g, 0.357 mmol) K2CO3 (0.098 g, 0.714 mmol ) and CuCl (11.6 

mg, 0.119 mmol)) in m-xylene (1 mL), NMI (19.5 mg, 18 μL, 0.238 mmol) was added 

and the mixture heated to 120 °C for 20 h under air. The reaction mixture was then diluted 

with toluene (3 mL) and heated up until solubilisation of the product. The hot mixture 

was poured directly into silica gel pad and chromatographed (eluent P.E./CH2Cl2 2/1) to 

afford the desired compound as a yellow solid (82 mg, 56%). M.p. > 360 °C. 1H NMR 

(400 MHz, CD2Cl2) δ 7.36 (d, J = 9.1 Hz, 1H), 7.27 (d, J = 9.1 Hz, 1H), 7.19 – 7.08 (m, 

3H), 6.99 (d, J = 9.0 Hz, 1H), 6.95 (d, J = 9.0 Hz, 1H), 6.91 (d, J = 1.1 Hz, 1H), 6.55 (d, 

J = 2.1 Hz, 1H), 6.51 (d, J = 1.2 Hz, 1H), 6.41 (d, J = 2.1 Hz, 1H), 3.83 (s, 3H), 2.10 (s, 

6H).13C NMR (101 MHz, CD2Cl2) δ 160.0, 153.9, 152.3, 144.5, 141.9, 141.0, 136.5, 

133.0, 132.0, 127.8, 127.7, 126.9, 126.0, 123.5, 120.7, 120.5, 118.3, 118.0, 117.3, 113.0, 

111.8, 110.9, 101.8, 99.8, 56.0, 21.0. IR (ATR)  (cm-1): 555.50, 659.66, 767.67, 866.04, 
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894.97, 962.48, 1024.20, 1062.78, 1103.28, 1118.71, 1224.80, 1327.03, 1367.53, 

1465.90, 1500.62, 1587.42, 1633.71, 2657.91, 2951.09, 3026.31, 3510.45. ES-HRMS 

[M]+ calc. for [C29H20O3]+: 416.1412, found: 416.1413. 

 

5.4.1.10 6-Bromo-6'-(2,6-dimethylphenyl)-[1,1'-binaphthalene]-2,2'-diol (3-11) 

 

To an ice-cold solution of CuCl2 (1.08 g, 8.05 mmol) in MeOH (30 mL), -

phenylethylamine (1.22 g, 10.07 mmol) was added and the resulting blue-green mixture 

degassed under N2 for 15 min. A solution of 6-bromonaphthalen-2-ol (0.898 g, 4.03 

mmol) and 3-7 (1.0 g, 4.03 mmol) in CH2Cl2 (25 mL) was then added and the mixture 

stirred for 2 h at rt. A 10% aqueous solution of HCl (100 mL) was added and the resulting 

mixture stirred for 30 min at rt. The organic layer was separated and the aqueous layer 

washed with additional CH2Cl2 (2 × 100 mL). The combined organic layers were dried 

over MgSO4 and evaporated under vacuum. The residue was then chromatographed on 

silica (eluent P.E./CH2Cl2 10/1) to give a light brown solid that after trituration in P.E. (5 

mL) and filtration provided the desired compound as a white solid (567 mg, 30%). M.p. 

273-275 °C. 1H NMR (400 MHz, THF-d8) δ 8.02 (d, J = 2.0 Hz, 1H), 7.96 (s, 2H), 7.85 

(d, J = 8.9 Hz, 1H), 7.81 (d, J = 8.9 Hz, 1H), 7.59 (d, J = 1.5 Hz, 1H), 7.32 – 7.24 (m, 

3H), 7.13 – 7.02 (m, 5H), 6.98 (dd, J = 8.6, 1.7 Hz, 1H), 2.00 (d, J = 2.2 Hz, 6H). 13C 

NMR (101 MHz, THF-d8) δ 155.4, 155.1, 142.9, 137.0, 136.8, 136.6, 134.5, 134.4, 

131.4, 130.8, 130.8, 130.4, 130.1, 129.7, 128.9, 128.8, 128.24, 128.2, 127.9, 127.8, 125.7, 

121.0, 119.9, 117.1, 115.6, 114.5, 21.3, 21.3. IR (ATR) (cm-1): 673.16, 694.37, 775.38, 

808.17, 821.68, 829.39, 883.40, 896.90, 929.69, 964.41, 1064.71, 1130.29, 1143.79, 

1161.15, 1188.15, 1244.09, 1271.09, 1305.81, 1332.81, 1348.24, 1379.10, 1460.11, 

1479.40, 1490.97, 1587.42, 1618.28, 2872.01, 2914.44, 2958.80, 3053.32, 3510.45. ES-

HRMS [M]+ calc. for [C28H21O2]+: 468.0725, found: 468.0725.  
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5.4.1.11 2-Bromo-8-(2,6-dimethylphenyl)xantheno[2,1,9,8-klmna]xanthene (3-12) 

 

To a solution of 3-11 (170 mg, 0.36 mmol), K2CO3 (100 mg, 0.72 mmol) and CuCl ( 10.8 

mg, 0.11 mmol) in m-xylene (1 mL), NMI (17 mg, 0.21 mmol) was added. The stirring 

mixture was heated at 120 °C for 20 h under air and cooled down to rt. The solvent was 

then evaporated under reduced pressure and the reaction crude purified by silica gel 

chromatography (eluent P.E./CH2Cl2 9/1) to provide title compound as a yellow solid 

(0.059 g, 35 %). M.p. 256-260 °C. 1H NMR (300 MHz, CDCl3) δ 7.33 (d, J = 9.2 Hz, 

1H), 7.27 (d, J = 1.5 Hz, 1H), 7.25 – 7.16 (m, 2H), 7.15 – 7.09 (m, 2H), 6.97 (d, J = 1.5 

Hz, 1H), 6.94 (d, J = 1.5 Hz, 1H), 6.90 (d, J = 1.1 Hz, 1H), 6.80 (d, J = 1.5 Hz, 1H), 6.51 

(d, J = 1.1 Hz, 1H), 2.11 (s, 6H). 13C NMR (101 MHz, THF-d8) δ 154.3, 153.8, 145.78, 

145.45, 145.08, 142.40, 142.29, 142.04, 141.80, 136.56, 133.19, 132.88, 128.32, 128.21, 

128.07, 126.88, 123.62, 121.48, 121.31, 121.19, 121.13, 119.45, 118.48, 113.31, 112.57, 

111.69, 21.01. IR (ATR)  (cm-1): 569.00, 729.09, 761.88, 769.60, 790.81, 835.18, 

850.61, 914.26, 945.12, 1049.28, 1070.49, 1080.14, 1199.72, 1219.01, 1230.58, 1249.87, 

1278.81, 1323.17, 1344.38, 1411.89, 1473.62, 1494.83, 1579.70, 1600.92, 1625.99, 

2850.79, 2914.44. ES-HRMS [M]+ calc. for [C28H17O2Br]+: 464.0412, found: 464.0412. 

 

5.4.1.12 4-(8-(2,6-Dimethylphenyl)xantheno[2,1,9,8-klmna]xanthen-2-yl)-N-

propylbenzamide (3-13) 

 

To a solution of 3-12 (60 mg, 0.13 mmol) in unstabilised THF (10 mL), XPhos (4.9 mg, 

0.010 mmol), Pd(OAc)2 (1.5 mg, 6.5 μmol), K3PO4 (82 mg, 0.39 mmol) and 4-(n-
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propylcarbamoyl)benzeneboronic acid (53 mg, 0.26 mmol) were added. The mixture was 

degassed by freeze pump thaw (3 × 5 min at around 0.1 mbar) and heated to reflux 

overnight under nitrogen atmosphere in the dark. The mixture was then diluted with THF 

(30 mL) and washed with NH4Cl (30 mL) and brine (2 × 30 mL). The aqueous phase was 

then washed with THF (2 × 10 mL). The organic layers were collected, H2O residues 

eliminated through Na2SO4 and dried under reduced pressure. The crude was partially 

dissolved in hot toluene and CH2Cl2 and purified by silica gel chromatography (eluent 

pure toluene until the removing of the first spot and then 7/3 PE/EtOAc), providing the 

desired compound as a yellow solid (85%, 60 mg). M.p. > 360 °C. 1H NMR (500 MHz, 

CD2Cl2) δ 7.76 (d, J = 8.4 Hz, 2H), 7.63 (d, J = 8.4 Hz, 2H), 7.38 – 7.26 (m, 3H), 7.11-

7.06 (m, 1H), 7.03 (d, J = 7.7 Hz, 2H), 6.96 – 6.89 (m, 3H), 6.84 (s, 1H), 6.44 (d, J = 1.0 

Hz, 1H), 6.15 (t, J = 5.6 Hz, 1H), 3.34 (dd, J = 13.6, 6.6 Hz, 2H), 2.03 (s, 6H), 1.62 – 

1.54 (m, 2H), 0.92 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, CD2Cl2) δ 167.2, 153.8, 

153.3, 145.2, 144.8, 144.0, 141.9, 141.2, 139.9, 136.5, 134.6, 132.1, 132.0, 127.9, 127.9, 

127.8, 127.6, 127.5, 127.1, 121.5, 120.9, 120.8, 119.2, 118.5, 118.1, 112.1, 111.9, 111.1, 

108.7, 42.3, 23.6, 21.0, 11.8. IR (ATR)  (cm-1) 667.37, 694.37, 731.02, 746.45, 769.60, 

790.81, 840.96, 871.82, 920.05, 950.91, 1041.56, 1076.28, 1149.57, 1184.29, 1230.58, 

1276.88, 1327.03, 1348.24, 1384.89, 1413.82, 1456.26, 1494.83, 1548.84, 1581.63, 

1600.92, 1633.71, 2927.94, 3612.67. ES-HRMS [M+H]+ calc. for [C38H30NO3]+: 

548.2226, found: 548.2219. 

 

5.4.1.13 Methyl 4-(8-(2,6-dimethylphenyl)xantheno[2,1,9,8-klmna]xanthen-2-

yl)benzoate (3-14) 

 

To a solution of 3-12 (50mg, 0.11 mmol), XPhos (20 mg, 0.004 mmol), Pd(OAc)2 (1.3 

mg, 0.006 mmol) in THF (5 mL), K3PO4 (68.42 mg, 0.32 mmol) was added and the 

mixture was degassed by freeze-pump-thaw (2 × 10 min at 10-4 bar) and heated to reflux 
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for 18 h in N2 atmosphere in the dark. Successively, the mixture was let to cool down to 

rt, diluted with EtOAc (10 mL) and washed with a saturated aqueous solution of NH4Cl 

(2 × 30 mL) and H2O (30 mL). The organic phase was dried with MgSO4 and evaporated 

under reduced pressure. The crude was purified by silica gel chromatography (eluent 

P.E./EtOAc 10/1) providing the desired compound as a yellow solid (34 mg, 76%). 

M.p. > 360 °C. 1H NMR (400 MHz, THF-d8) δ 8.13 – 8.07 (m, 2H), 7.83 – 7.77 (m, 2H), 

7.54 (d, J = 1.2 Hz, 1H), 7.51 (d, J = 9.1 Hz, 1H), 7.42 (d, J = 9.1 Hz, 1H), 7.15 – 7.02 

(m, 6H), 6.96 (d, J = 0.8 Hz, 1H), 6.54 (d, J = 1.1 Hz, 1H), 3.89 (s, 3H), 2.10 (s, 6H). 13C 

NMR (101 MHz, THF-d8) δ 167.0, 154.3, 153.9, 146.0, 145.8, 145.4, 142.4, 141.9, 

140.4, 136.6, 132.8, 132.7, 131.0, 130.5, 128.3, 128.3, 128.2, 127.9, 127.9, 122.0, 121.4, 

121.3, 120.0, 118.9, 118.6, 112.3, 112.2, 111.6, 109.1, 52.3, 21.0. IR (ATR):  (cm-1) 

555.50, 605.65, 659.66, 686.66, 698.23, 740.67, 763.81, 806.25, 871.82, 918.12, 987.55, 

1029.99, 1045.42, 1083.99, 1099.43, 1161.15, 1180.44, 1199.72, 1226.73, 1276.88, 

1319.31, 1365.6, 1442.75, 1462.04, 1473.62, 1585.49, 1627.92, 2854.65, 2920.23, 

2951.09. ES-HRMS [M+H]+ calc. for [C36H25O4]+: 521.1753, found: 521.1753. 

 

5.4.1.14 4-(8-(2,6-Dimethylphenyl)xantheno[2,1,9,8-klmna]xanthen-2-yl)benzoic 

acid (3-15) 

 

To a solution of 3-14 (0.040 g, 0.076 mmol) in a 3/1 mixture of stabilised THF/EtOH (6 

mL), it was added a 2M aqueous solution of NaOH (3 mL, 6 mmol). The mixture was 

degassed by freeze pump thaw (3 × 3 min at 10-4 bar) and then stirred at rt for 18 h in 

dark at 50 °C. The solution was then quenched with a 5% aqueous HCl solution (10 mL), 

washed with brine (10 mL) and H2O (2 × 10 mL). The organic layer was collected, dried 

over Na2SO4, filtered and evaporated under vacuum, to afford the desired compound as a 

yellow solid (40 mg, 91%). M.p. > 360 °C. 1H NMR (300 MHz, DMSO-d6) δ 13.06 (s, 

1H), 8.02 (d, J = 8.2 Hz, 2H), 7.79 (d, J = 8.2 Hz, 2H), 7.55 (s, 1H), 7.46 (t, J = 9.8 Hz, 
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2H), 7.22 – 7.09 (m, 3H), 7.03 (t, J = 9.5 Hz, 4H), 6.51 (s, 1H), 2.06 (s, 6H). 13C NMR 

(75 MHz, DMSO-d6, 338 K) δ 166.7, 152.2, 151.6, 143.8, 143.5, 143.5, 140.5, 139.7, 

138.3, 134.9, 130.8, 129.9, 129.6, 127.4, 127.3, 127.0, 126.8, 126.5, 120.0, 119.3, 118.7, 

117.6, 117.3, 111.9, 111.6, 110.3, 110.2, 110.1, 110.0, 20.0. IR (ATR) v (cm-1): 551.64, 

767.67, 796.60, 839.03, 918.12, 950.91, 1039.63, 1076.28, 1130.29, 1184.29, 1230.58, 

1276.88, 1325.10, 1417.68, 1456.26, 1462.04, 1502.55, 1600.92, 1633.71, 1689.64, 

1693.50, 2850.79, 3061.03. ES-HRMS [M]+ calc. for [C35H22O4]+: 506.1518, found: 

506.1503. 

 

5.4.1.15 4-(8-(2,6-Dimethylphenyl)xantheno[2,1,9,8-klmna]xanthen-2-yl)benzoyl 

chloride (3-16) 

 

To an ice-cooled solution of 3-15 (20 mg, 0.039 mmol) in CH2Cl2 (5 mL), oxalyl chloride 

(0.010 g, 0.080 mmol) was slowly added dropwise. A few drops of DMF were added and 

the mixture was stirred and kept in the dark for 18 h and the solution was directly 

employed for the anchoring to the polymer supports. 

 

5.4.1.16 Methyl 2-(4-(xantheno[2,1,9,8-klmna]xanthen-3-yl)phenyl)acetate (3-18) 

 

To a solution of 3-1 (60 mg, 0.16 mmol) in BHT stabilised THF (10 mL), XPhos (6.34 

mg, 0.013 mmol), Pd(OAc)2 (1.9 mg, 8.31 μmol), K3PO4 (53 mg, 0.25 mmol) and (4-(2-

methoxy-2-oxoethyl)phenyl)boronic acid (48 mg, 0.25 mmol) were added. The mixture 

was degassed by freeze pump thaw (4 × 5 min at 10-4 bar) and then heated to reflux 

overnight under N2 atmosphere. The mixture was then diluted with THF (10 mL) and 
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washed with brine (3 × 30 mL). The aqueous phase was then washed with THF (2 × 10 

mL). The organic layers were collected, dried over Na2SO4 and dried under reduced 

pressure. The crude was partially dissolved in hot toluene and purified by short pad silica 

gel chromatography (eluent toluene), providing the desired compound as a yellow solid 

(56%, 40 mg). The characterisation was performed after sublimation at 180 °C at 1 mbar 

with a dry-ice cooled cold finger. M.p. > 360 °C. 1H NMR (300 MHz, CD2Cl2) δ 7.47 – 

7.33 (m, 6H), 7.17 – 7.11 (m, 2H), 7.07 (d, J = 7.9 Hz, 1H), 6.96 (d, J = 9.0 Hz, 1H), 6.90 

(d, J = 9.3 Hz, 1H), 6.74 (d, J = 7.9 Hz, 1H), 6.67 (dd, J = 5.8, 2.7 Hz, 1H), 3.71 (s, 3H), 

3.70 (s, 2H). 13C NMR (75 MHz, CD2Cl2) δ 172.4, 153.0, 152.6, 145.0, 144.7, 139.9, 

133.9, 133.2, 131.9, 130.1, 130.0, 129.8, 128.5, 127.7, 127.0, 125.6, 122.2, 122.0, 120.7, 

117.8, 117.8, 112.1, 111.8, 109.2, 109.1, 52.5, 41.2. IR (ATR)  (cm-1): 540.07, 570.93, 

582.50, 597.93, 607.58, 651.94, 688.59, 705.95, 719.45, 746.45, 761.88, 773.46, 808.17, 

846.75, 927.76, 950.91, 1014.56, 1051.20, 1072.42, 1105.21, 1139.93, 1205.51, 1232.51, 

1251.80, 1315.45, 1340.53, 1400.32, 1413.82, 1433.11, 1469.76, 1506.41, 1604.77, 

1625.99, 1735.93, 2945.30, 3028.24. AP-HRMS [M+H]+ calc. for [C29H19O4]+: 

431.1283, found: 431.1285. 

 

5.4.1.17 2-(4-(Xantheno[2,1,9,8-klmna]xanthen-3-yl)phenyl)acetic acid (3-19) 

 

To a solution of 3-17 (20 mg, 0.05 mmol) in a 4/1 mixture of stabilised THF/EtOH (5 

mL), a 2M aqueous solution of NaOH (3 mL, 6 mmol) was added. The mixture was 

degassed by freeze pump thaw (3 × 3 min at 10-4 bar) and then stirred at rt for 18 h in 

dark at 50 °C. The solution was then quenched with a 5% aqueous HCl solution (10 mL), 

washed with brine (10 mL) and H2O (2 × 10 mL). The organic layer was collected, dried 

over Na2SO4, filtered and evaporated under vacuum, to afford the desired compound as a 

yellow solid (0.018 g, 93%) The same procedure reported for the synthesis of 3-15 has 

been employed, using 3-18 (45 mg, 0.10 mmol), to afford the desired compound as a 

yellow solid (40 mg, 91%). M.p. > 360 °C. 1H NMR (600 MHz, DMSO-d6) δ 7.46 (d, J 

= 9.1 Hz, 1H), 7.42 – 7.33 (m, 5H), 7.22 (d, J = 8.3 Hz, 1H), 7.16 (t, J = 7.9 Hz, 1H), 7.08 

(d, J = 7.9 Hz, 1H), 7.04 (d, J = 9.0 Hz, 1H), 7.00 (d, J = 9.3 Hz, 1H), 6.79 (d, J = 7.9 Hz, 
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1H), 6.72 (d, J = 7.5 Hz, 1H), 3.64 (s, 2H). 13C NMR (151 MHz, DMSO-d6) δ 172.9, 

151.7, 151.2, 143.9, 143.6, 137.0, 134.5, 132.5, 131.0, 129.8, 128.9, 128.6, 128.0, 127.5, 

127.1, 125.0, 121.0, 120.6, 120.5, 117.7, 117.4, 110.9, 110.3, 109.0, 108.9, 40.7. IR 

(ATR) (cm-1) 609.51, 659.66, 707.88, 719.45, 738.74, 769.60, 792.74, 862.18, 927.76, 

1012.63, 1151.50, 1257.59, 1294.24, 1321.24, 1417.68, 1433.11, 1467.83, 1500.62, 

1560.41, 1604.77, 1625.99, 1674.21, 2958.80. AP-HRMS [M]+ calc. for [C28H17O4]+ 

417.1127, found: 417.1127. 

 

5.4.1.18 2-(4-(Xantheno[2,1,9,8-klmna]xanthen-3-yl)phenyl)acetyl chloride (3-20) 

 

To an ice-cooled solution of 3-18 (30 mg, 0.072 mmol) in CH2Cl2 (5 mL), oxalyl chloride 

(0.018 g, 0.144 mmol) was slowly added dropwise. A few drops of DMF were added and 

the mixture was stirred and kept in the dark for 18 h and the solution was directly 

employed for the anchoring to the polymer supports. 

 

5.4.1.19 Tert-butyl (2-aminoethyl)carbamate (3-23) 

 

Compound 3-20 has been synthesised in accordance with the procedure already 

reported.[342] 
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5.4.1.20 Tert-butyl (2-(5-hydroxy-6-(2-hydroxynaphthalen-1-yl)-1,3-dioxo-1H-

benzo[de]isoquinolin-2(3H)-yl)ethyl)carbamate (3-24) 

 

 

To a solution of 5-hydroxy-6-(2-hydroxynaphthalen-1-yl)-1H,3H-

benzo[de]isochromene-1,3-dione (0.050 g, 0.140 mmol) in 1,4-dioxane (3 mL), DIPEA 

(0.036 g, 0.280 mmol) and 3-23 (0.037 g, 0.210 mmol) were added and the mixture heated 

to reflux for 24 h, keeping the solution in dark. The reaction was quenched with a 2% v/v 

aqueous acetic solution (10 mL) and extracted with EtOAc (3 × 20 mL). The combined 

organic layers were dried over Na2SO4, evaporated under vacuum and purified by short 

silica gel chromatography (eluent CH2Cl2/EtOAc 4/1). The solid obtained was solubilised 

in CH2Cl2 (2 mL), poured in ice-bath cold P.E. (20 mL) and after precipitation filtered, 

affording the desired product as a yellow solid (55%, 0.028 g).M.p. 140-145 °C. 1H NMR 

(300 MHz, CDCl3) δ 11.37 (s, 1H), 8.37 (s, 1H), 8.27 (d, J = 7.1 Hz, 1H), 8.00 (dd, J = 

15.6, 5.5 Hz, 1H), 7.87 (dd, J = 10.2, 4.7 Hz, 1H), 7.57 – 7.29 (m, 5H), 6.99 (d, J = 8.2 

Hz, 1H), 4.96 (s, 2H), 4.21 (t, J = 5.7 Hz, 2H), 3.46 (d, J = 1.6 Hz, 2H), 1.28 (d, J = 4.5 

Hz, 9H). 13C NMR (101 MHz, CDCl3) δ 164.7, 164.2, 156.5, 153.9, 152.9, 133.3, 132.9, 

131.9, 131.6, 129.4, 129.2, 128.7, 128.0, 127.7, 124.2, 124.1, 124.0, 122.8, 122.5, 118.6, 

110.6, 79.7, 46.7, 41.0, 39.9, 34.6, 28.5, 28.3. IR (ATR)  (cm-1) 747.45, 783.13, 816.89, 

873.79, 967.34, 983.74, 1001.10, 1027.14, 1065.72, 1162.16, 1231.60, 1274.04, 1343.48, 

1365.66, 1391.70, 1407.13, 1436.07, 1446.67, 1464.03, 1512.26, 1597.13, 1615.45, 

1652.10, 1687.79, 2932.89, 2973.40, 3374.61. ES-HRMS [M+Na]+ calc. for 

[C29H26N2O6Na]+ 521.1690, found: 521.1689. 
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5.4.1.21 Tert-butyl (2-(1-methoxy-4,6-dioxo-4H-benzo[de]benzo[4,5]chromeno[3,2-

g]isoquinolin-5(6H)-yl)ethyl)carbamate (3-25) 

 

To a solution of 3-24 (0.100 g, 0.2 mmol), CuCl (5.9 mg, 0.06 mmol) and K2CO3 (0.055 

mg, 0.4 mmol) in m-xylene (2 mL), NMI (9.9 mg, 0.12 mmol) was added and the mixture 

heated at 120°C for 20 h. The solution was then diluted with toluene (5 mL) and hot 

filtered through silica gel short pad, affording after evaporation of the solvent under 

vacuum the desired product as a red solid (0.061 g, 62%). M.p. 248-250 °C. 1H NMR 

(300 MHz, CD2Cl2) δ 8.09 (d, J = 7.7 Hz, 1H), 7.70 (s, 1H), 7.41 (d, J = 9.5 Hz, 1H), 7.19 

– 7.06 (m, 2H), 6.97 (d, J = 9.4 Hz, 1H), 6.84 (d, J = 8.5 Hz, 1H), 6.63 (d, J = 6.8 Hz, 

1H), 4.19 (t, J = 5.5 Hz, 2H), 3.41 (dd, J = 10.5, 4.9 Hz, 2H), 1.33 (s, 9H). IR (ATR)  

(cm-1) 585.42, 596.03, 715.62, 742.63, 755.16, 781.20, 811.10, 821.71, 966.38, 981.81, 

1031.96, 1042.57, 1066.68, 1080.18, 1120.69, 1151.55, 1165.05, 1203.63, 1247.03, 

1275.97, 1314.54, 1324.19, 1344.44, 1363.73, 1389.77, 1402.31, 1410.02, 1439.92, 

1507.43, 1517.08, 1585.55, 1599.06, 1630.88, 1644.39, 1661.75, 1689.72, 1723.47, 

2923.25, 2960.86, 3401.61. ES-HRMS [M+H]+ calc. for [C29H22N2O6]+ 495.1556, 

found: 495.1549. It was not possible to record the 13C NMR due to the high insolubility 

of the compound. 
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5.4.2 Chapter 4 

 

5.4.2.1 2,9-Didecylanthra[2,1,9-def:6,5,10-d'e'f']diisoquinoline-1,3,8,10(2H,9H)-

tetraone (4-1) 

 

To a mixture of perylene-3,4,9,10-tetracarboxylic dianhydride (0.070 g, 0.178 mmol) in 

toluene (5 mL), DIPEA (0.066 g, 0.534 mmol) and decylamine (0.070 g, 0.445 mmol) 

were added and the mixture heated to reflux for 18 h. The reaction was then quenched 

with a 1 M aqueous HCl solution (20 mL) and extracted with CHCl3 (2 × 20 mL). The 

organic layers were collected, dried over MgSO4 and evaporated under vacuum. The 

crude was then purified by silica gel chromatography (eluent pure CHCl3), providing the 

desired compound as a red powder (70%, 0.084 g). M.p. > 360 °C. 1H NMR (500 MHz, 

CDCl3) δ 8.63 (dd, J = 8.0, 1.8 Hz, 4H), 8.56 (dd, J = 7.8, 2.8 Hz, 4H), 4.17 – 4.11 (m, 

4H), 1.73 – 1.66 (m, 4H), 1.40 – 1.19 (m, 8H), 0.83 – 0.78 (m, 2H). 13C NMR (126 MHz, 

CDCl3) δ 163.6, 134.8, 131.6, 129.6, 127.1, 123.5, 123.3, 40.9, 32.1, 29.7, 29.6, 29.5, 

28.3, 27.3, 22.8, 16.7, 14.3. IR (ATR)  (cm-1): 507.28, 516.92, 530.42, 590.22, 628.79, 

655.80, 704.02, 727.16, 746.45, 779.24, 792.74, 808.17, 844.82, 852.54, 975.98, 1008.77, 

1018.41, 1087.85, 1116.78, 1145.72, 1155.36, 1172.72, 1186.22, 1201.65, 1244.09, 

1267.23, 1292.31, 1342.46, 1375.25, 1404.18, 1436.97, 1591.27, 1651.07, 1693.50. AP-

HRMS [M+H]+ calc. for [C44H51N2O4]+: 671.3849, found: 671.3848. 

 

5.4.2.2 2,9-Bis(1H,1H,2H,2H-perfluorodecyl)anthra[2,1,9-def:6,5,10-

d'e'f']diisoquinoline-1,3,8,10(2H,9H)-tetraone (4-2) 
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A solid mixture of perylene-3,4,9,10-tetracarboxylic dianhydride (0.070 g, 0.178 mmol) 

and 1H-imidazole (1.3 g, 19 mmol) was heated to 100 °C until the complete melting of 

solid imidazole. 1H,1H,2H,2H-perfluorodecylamine (0.13 mL, 0.446 mmol) was then 

slowly added and the mixture heated to 150 °C for 24 h. The crude was dispersed in 1,2-

dichlorobenzene (20 mL), warmed up to 180°C and hot filtered. The solid obtained was 

washed with petroleum ether and water and dried overnight at 60°C, to obtain a dark red 

powder (101 mg, 44%). It was not possible to record the 13C NMR spectrum due to the 

high insolubility of the compound. M.p. >360 °C. 1H NMR (300 MHz, CDCl3/TFA 4/1 

v/v) δ 8.92 – 8.77 (m, 8H), 4.64 (t, J = 7.3 Hz, 4H), 2.76 – 2.53 (m, 4H). 19F NMR (471 

MHz, CDCl3/TFA 4/1 v/v) δ -81.44 (t, J = 10.9 Hz), -114.47 – -115.48 (m), -122.03 (s), 

-122.31 (s), -123.13 (s), -123.83 (s), -126.61 (s). IR (ATR)  (cm-1): 2874.06, 2813.3, 

2639.7, 1822.81, 1734.08, 1683.93, 1668.5, 1653.07, 1616.42, 1581.7, 1539.26, 1520.94, 

1465.96, 1429.31, 1404.24, 1294.29, 1264.39, 1165.05, 1147.69, 110.08, 1045.46, 

1014.6, 989.53, 955.77, 890.19, 806.28, 795.67, 734.91, 678.01, 641.36, 634.61, 548.77, 

531.41, 507.30. ASAP-HRMS [M+H]+ calc. for [C44H17N2O4F34]+: 1283.0645, found: 

1283.0640. 

 

5.4.2.3 2-Decyl-5-hydroxy-6-(2-hydroxynaphthalen-1-yl)-1H 

benzo[de]isoquinoline-1,3(2H)-dione (4-4) 

 

To a solution of 5-hydroxy-6-(2-hydroxynaphthalen-1-yl)-1H,3H-

benzo[de]isochromene-1,3-dione (0.160 g, 0.450 mmol) in 1,4-dioxane (4 mL) DIPEA 

(0.116 g, 0.900 mmol) and decylamine (0.106 g, 0.674 mmol) were added and the mixture 

heated to reflux for 20 h. The reaction was quenched with a 10% w/w aqueous HCl 

solution (10 mL) and extracted with CHCl3 (3 × 20 mL). The combined organic layers 

were dried over MgSO4, evaporated under vacuum and purified by silica gel 

chromatography (eluent P.E./CHCl3 4/1) to afford the desired product as a yellow solid 

(267 mg, 60%). M.p. 128-130 °C. 1H NMR (300 MHz, CD2Cl2) δ 8.36 – 8.31 (m, 2H), 

8.04 (d, J = 8.8 Hz, 1H), 7.93 (d, J = 7.4 Hz, 1H), 7.55 – 7.44 (m, 2H), 7.43 – 7.36 (m, 
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2H), 7.30 (ddd, J = 8.2, 6.8, 1.4 Hz, 1H), 7.06 – 6.98 (m, 1H), 5.50 (s, 2H), 4.08 (m, 2H), 

1.76 – 1.62 (m, 2H), 1.42-1.23 (m, 16H), 0.90 – 0.83 (m, 3H). 13C NMR (75 MHz, 

CD2Cl2) δ 163.9, 163.3, 153.7, 153.2, 133.2, 132.8, 132.0, 130.9, 129.4, 128.6, 128.5, 

128.0, 127.6, 124.4, 124.1, 123.8, 123.7, 122.5, 122.0, 120.5, 118.6, 109.9, 40.4, 31.9, 

29.6, 29.3, 27.9, 27.1, 22.7, 17.6, 13.9. IR (ATR)  (cm-1): 530.42, 578.64, 642.30, 

661.58, 682.80, 746.45, 783.10, 817.82, 912.33, 958.62, 1105.21, 1141.86, 1224.80, 

1271.09, 1338.60, 1369.46, 1408.04, 1446.61, 1463.97, 1512.19, 1595.13, 1612.49, 

1647.21, 1685.79, 1697.36, 2852.72, 2922.16, 3387.00. ES-HRMS [M+H]+ calc. for 

[C32H34NO4]+: 496.2488, found: 496.2488. 

 

5.4.2.4 2-(1H,1H,2H,2H-Perfluorodecyl)-5-hydroxy-6-(2-hydroxynaphthalen-1-

yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (4-5) 

 

To a solution of 5-hydroxy-6-(2-hydroxynaphthalen-1-yl)-1H,3H-

benzo[de]isochromene-1,3-dione (0.100 g, 0.28 mmol) and DIPEA (0.056 g, 0.900 

mmol) in 1,4-dioxane (4 mL), 1H,1H,2H,2H-perfluorodecylamine (0.194 g, 0.42 mmol) 

was added dropwise and the mixture heated to reflux for 18 h. The reaction was quenched 

with 10% w/w aqueous HCl solution (10 mL) and extracted with EtOAc (3 × 15 mL). 

The combined organic layers were dried over MgSO4, evaporated under vacuum and 

purified by silica gel chromatography (eluent P.E./EtOAc 1/1). The yellow gel obtained 

was dissolved in a small amount of CH2Cl2
 and poured in ice-cooled P.E (15 mL). The 

solid obtained was filtered yielding the desired product as a yellow powder (267 mg, 

60%). M.p. 135-140 °C. 1H NMR ( 300 MHz, CD2Cl2) δ 8.37 (s, 2H), 8.04 (d, J = 9.0 

Hz, 1H), 7.94 (dd, J = 8.0, 0.6 Hz, 1H), 7.56 – 7.53 (m, 2H), 7.44 – 7.36 (m, 2H), 7.32 

(ddd, J = 8.3, 6.9, 1.4 Hz, 1H), 7.03 (dd, J = 8.4, 0.5 Hz, 1H), 4.45 (t, J = 7.4 Hz, 2H), 

2.60 (ddd, J = 25.8, 18.8, 7.3 Hz, 2H). 13C NMR (75 MHz, THF-d8, MeOD) δ 164.9, 

164.6, 155.6, 154.3, 135.1, 134.6, 132.6, 130.9, 129.8, 128.9, 128.5, 127.6, 127.2, 125.1, 
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124.9, 124.5, 124.0, 123.6, 123.0, 120.7, 119.0, 114.2, 33.0, 29.8. 19F NMR (471 MHz, 

CD2Cl2) δ -81.08 (t, J = 10.6 Hz), -114.21 – -114.99 (m), -121.82 (s), -122.07 (s), -122.90 

(s), -123.63 (s), -126.31 (s). IR (ATR)  (cm-1): 505.35, 530.42, 704.02, 721.38, 746.45, 

783.10, 817.82, 960.55, 985.62, 1143.79, 1199.72, 1230.58, 1346.31, 1409.96, 1512.19, 

1597.06, 1616.35, 1654.92, 1701.22, 3361.93. ASAP-HRMS: [M+H]+ calc. for 

[C32H17NO4F17]+: 802.0886, found: 802.0900. 

 

5.4.2.5 4-Decyl-3H-benzo[8',1']isochromeno[5',4',3':3,4,5]isochromeno[7,8,1-

def]isoquinoline-3,5(4H)-dione (4-6) 

 

To a solution of 4-4 (60 mg, 0.12 mmol) and CuI (69 mg, 0.36 mmol) in DMSO (2 mL), 

pivalic acid was added (25 mg, 0.24 mmol) and the reaction mixture heated at 150°C for 

4 h. The solution was then quenched with a 2 M aqueous HCl solution (50 mL) and 

extracted with CHCl3 (3 × 20 mL). The organic layers were then collected, dried over 

MgSO4 and evaporated under reduced pressure. The crude was then purified by short pad 

silica gel filtration (eluent pure CHCl3, Rf product = 0.8-0.5). The crude was then 

solubilised in THF (5 mL), precipitated in cold MeOH (50 mL), washed with MeOH and 

filtered to obtain the desired product as a red solid (40 mg, 70%). M.p. 232-236 °C. 1H 

NMR (500 MHz, CDCl3) δ: 8.03 (d, J = 8.2 Hz, 1H), 7.61 (s, 1H), 7.29 (d, J = 9.2 Hz, 

1H), 7.08 – 6.98 (m, 2H), 6.85 (d, J = 9.1 Hz, 1H), 6.73 (d, J = 8.2 Hz, 1H), 6.54 (dd, J 

= 7.6, 0.7 Hz, 1H), 4.05 – 3.99 (m, 2H), 1.67 (m, J = 15.2, 7.6 Hz, 2H), 1.45 – 1.34 (m, 

4H), 1.33 – 1.22 (m, 10H), 0.88 (t, J = 7.0 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 162.0, 

162.8, 156.7, 152.0, 145.0, 144.8, 133.2, 131.3, 129.2, 128.3, 126.0, 121.0, 120.7, 120.46, 

120.4, 118.5, 118.0, 117.2, 115.6, 110.2, 109.9, 40.7, 32.1, 29.8, 29.8, 29.6, 29.5, 28.2, 

27.4, 22.9, 14.3. IR (ATR)  (cm-1): 3060.20, 2954.11, 2921.32, 2851.88, 1734.08, 

1692.61, 1660.78, 1647.28, 1628.95, 1598.09, 1587.48, 1559.51 1506.47, 1465.96, 

1437.03, 1411.95, 1401.34, 1371.45, 1344.44, 1313.58, 1272.11, 1246.07, 1233.53, 

1205.56, 1180.49, 1137.09, 1124.55, 1088.86, 1064.75, 943.23, 908.51, 839.07, 819.78, 
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810.14, 755.16, 738.77, 713.69, 686.69, 651.97, 632.68. ES-HRMS [M+H]+ calc. for 

[C32H30NO4]+: 492.2175, found: 492.2174. 

 

5.4.2.6 4-(1H,1H,2H,2H-Perfluorodecyl)-3H-benzo 

[8',1']isochromeno[5',4',3':3,4,5]isochromeno[7,8,1-def]isoquinoline-

3,5(4H)-dione (4-7) 

 

To a solution of 4-5 (56 mg, 0.07 mmol) and CuI (40 mg, 0.21 mmol) in DMSO (3 mL), 

pivalic acid was added (15 mg, 0.15 mmol) and the reaction mixture was heated at 150°C 

for 4 h. The solution was then quenched with a 2 M aqueous HCl solution (50 mL) and 

extracted with CHCl3 (3 × 10 mL). The organic layers where then collected, dried over 

MgSO4 and evaporated under reduced pressure. The crude was then purified by short pad 

silica gel filtration (eluent pure CHCl3). The crude was then solubilised in THF (5 mL), 

precipitated in cold MeOH (50 mL) and filtered obtaining the desired compound as a red 

solid (28 mg, 50%). M.p. >360 °C. 1H NMR (300 MHz, CDCl3) δ 8.30 (d, J = 8.4 Hz, 

1H), 8.00 (s, 1H), 7.55 (d, J = 9.1 Hz, 1H), 7.25 (s, 1H), 7.22 (d, J = 1.3 Hz, 1H), 7.14 (d, 

J = 9.1 Hz, 1H), 7.01 (d, J = 8.4 Hz, 1H), 6.82 (dd, J = 6.7, 1.7 Hz, 1H), 4.54 – 4.46 (m, 

2H), 2.66 – 2.45 (m, 2H). 19F NMR (471 MHz, THF-d8) δ -81.74 (t, J = 10.2 Hz), -114.80 

– -115.02 (m), -122.21 (s), -122.44 (s), -123.25 (s), -124.02 (s), -126.76 (s). IR (ATR)  

(cm-1): 509.23, 517.91, 526.59, 584.46, 596.99, 644.25, 715.62, 755.16, 811.10, 822.68, 

966.38, 981.81, 1066.68, 1165.05, 1248.96, 1276.93, 1314.54, 1363.73, 1389.77, 

1410.99, 1441.85, 1457.28, 1490.07, 1507.43, 1521.90, 1559.51, 1599.06, 1644.39, 

1662.71, 1689.72, 1722.51, 3402.58, 3567.50. ASAP-HRMS: [M+H]+ calc. for 

[C32H13NO4F17]+: 798.0573, found: 798.0572. It was not possible to record the 13C NMR 

due to the high insolubility of the compound. 
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5.4.2.7 General procedure for the synthesis of fluorinated mono or bis imides 

 

In a pressure tube, to a mixture of 1,8-naphthalic anhydride (4-8, 4-9) or 1,4,5,8-

naphthalenetetracarboxylic dianhydride (4-10) in DMF the correspondent ammine was 

added, the tube sealed and heated up to reflux for 2 h. The resulting solution was poured 

in ice-cooled MeOH, (50 mL), filtered and the solid obtained was washed with MeOH (2 

× 20 mL) and P.E. (2 × 20 mL), providing the desired compound. 

 

5.4.2.8 2-(1H,1H,2H,2H-Perfluorodecyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione 

(4-8) 

 

Prepared following the general procedure using 1,8-naphthalic anhydride (0.075 g, 0.38 

mmol) and 1H,1H,2H,2H-perfluorodecylamine (263.0 mg, 0.57 mmol), affording the 

desired product as a white solid (153.3 mg, 63 %). M.p.132-134 °C. 1H NMR (300 MHz, 

CDCl3) δ: 8.62 (dd, J = 7.3, 1.1 Hz, 2H), 8.24 (dd, J = 8.4, 1.1 Hz, 2H), 7.78 (dd, J = 8.2, 

7.3 Hz, 2H), 4.59 – 4.50 (m, 2H), 2.70 – 2.48 (m, 2H). 13C NMR (101 MHz, CDCl3) δ: 

164.1, 134.5, 131.8, 131.7, 128.3, 127.2, 122.4, 32.75 (t, J = 5.2 Hz) , 29.5 (t, J = 21.5 Hz). 

19F NMR (376 MHz, CDCl3) δ -80.78 (t, J = 10.9 Hz), -113.57 – -115.08 (m), -121.63 

(s), -121.92 (s), -122.73 (s), -123.44 (s), -125.63 – -126.85 (m). IR (ATR)  (cm-1): 

455.20, 530.42, 545.85, 557.43, 588.29, 634.58, 704.02, 736.81, 779.24, 842.89, 871.82, 

950.91, 987.55, 1018.41, 1041.56, 1114.86, 1143.79, 1193.94, 1236.37, 1332.81, 

1348.24, 1363.67, 1444.68, 1593.2, 1625.99, 1654.92, 1699.29, 1705.07. ES-HRMS: 

[M+H]+ calc. for [C22H11NO2F17]+: 644.0518, found: 644.0520. 
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5.4.2.9 2-(Perfluorophenyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (4-9) 

 

Prepared following the general procedure using 1,8-naphthalic anhydride (0.075 g, 0.38 

mmol) and 2,3,4,5,6-pentafluoroaniline (83.14 mg, 0.45 mmol), affording the desired 

product as a white solid (0.090 g, 70%). M.p. 218-220 °C. 1H NMR (400 MHz, CDCl3) 

δ 8.68 (dd, J = 7.3, 0.9 Hz, 2H), 8.33 (dd, J = 8.3, 0.8 Hz, 2H), 7.83 (t, J = 7.8 Hz, 2H). 

13C NMR (101 MHz, CDCl3) δ 162.7, 145.7, 143.6, 143.5, 140.9, 139.5, 136.9, 135.4, 

135.0, 132.5, 132.1, 128.9, 127.4, 121.9, 110.5. 19F NMR (376 MHz, CDCl3) δ -143.34 

(dd, J = 27.6, 9.3 Hz, 2H), -152.37 (t, J = 22.2 Hz, 1H), -161.73 – -161.93 (m, 2H). IR 

(ATR)  (cm-1) 704.02, 729.09, 771.53, 788.89, 846.75, 896.90, 916.19, 943.19, 991.41, 

1018.41, 1074.35, 1114.86, 1155.36, 1182.36, 1234.44, 1263.37, 1323.17, 1346.31, 

1355.96, 1436.97, 1514.12, 1583.56, 1662.64, 1678.07, 1716.65. ES-HRMS: [M+H]+ 

calc. for [C18H7NO2F5]+: 364.0397, found: 364.0397. 

 

5.4.2.10 2,7-Bis(1H,1H,2H,2H-perfluorodecyl)benzo[lmn][3,8]phenanthroline-

1,3,6,8(2H,7H)-tetraone (4-10) 

 

Prepared following the general procedure using 1,4,5,8-naphthalenetetracarboxylic 

dianhydride (0.075 g, 0.28 mmol) and 1H,1H,2H,2H-perfluorodecylamine (285.0 mg, 

0.62 mmol) affording the desired product as a white solid (0.194 g, 60%). Due to the low 

solubility of the compound, it was not possible to record NMR spectra. M.p. 226-228 °C. 

1H NMR (300 MHz, CDCl3) δ 8.88 (s, 4H), 4.91 – 4.19 (m, 4H), 2.88 – 2.47 (m, 4H). 19F 

NMR (471 MHz, CDCl3/TFA 4/1) δ -81.13 – -81.33 (m), -114.52 – -115.07 (m), -121.89 

(s, J = 73.1 Hz), -122.18 (s), -122.99 (s), -123.69 (s), -126.44 (s). 
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 IR (ATR)  (cm-1) 513.07, 553.57, 590.22, 609.51, 636.51, 769.60, 893.04, 939.33, 

954.76, 985.62, 1004.91, 1045.42, 1085.92, 1114.86, 1138.00, 1178.51, 1192.01, 

1211.30, 1242.16, 1294.24, 1340.53, 1456.26, 581.63, 1660.71, 1697.36, 1716.65. AP-

HRMS: [M]+ calc. for [C34H12N2O4F34]: 1158.0254, found: 1158.0234. It was not 

possible to record the 13C NMR due to the high insolubility of the compound. 

 

5.4.2.11 5-((Tert-butoxycarbonyl)amino)isophthalic acid (4-11) 

 

Compound 4-11 has been synthesised following the reported procedure.[343] 

 

5.4.2.12 Tert-butyl(3,5-bis((1H,1H,2H,2H-

perfluorodecyl)carbamoyl)phenyl)carbamate (4-12) 

 

4-11 (300 mg, 1.07 mmol) and HBTU (2.35 mmol, 890 mg) were dissolved in dry DMF 

(4 mL). DIPEA (303 mg, 2.35 mmol) was added to the solution and the mixture stirred at 

rt for 15 min until the solution colour turned brown. 1H,1H,2H,2H-perfluorodecylamine 

(1.09 g, 2.35 mmol) was then added. The reaction was stirred for 5 h and then quenched 

with a saturated Na2CO3 aqueous solution. The crude was then extracted with EtOAc (3 

× 50 mL). The combined organic layers were dried over Na2SO4 and evaporated under 

vacuum. The residual was purified by silica flash chromatography (eluent 6/4 

P.E./EtOAc). The obtained yellow gel was dissolved in a small amount of THF and 

precipitated in P.E. to give the desired product as a white powder (0.524 g, 42%). M.p. 

168-170 °C. 1H NMR (700 MHz, DMSO-d6, 363 K) δ 9.33 (s, 1H), 8.41 (t, J = 5.3 Hz, 
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2H), 8.00 (s, 2H), 7.80 (s, 1H), 3.61 (dd, J = 12.8, 6.7 Hz, 4H), 2.61 – 2.53 (m, 4H), 1.50 

(s, 9H). 13C NMR (176 MHz, DMSO-d6, 363 K) δ 166.0, 152.4, 139.4, 135.0, 119.7, 

119.0, 79.1, 31.4, 29.6, 27.7. IR (ATR)  (cm-1): 653.87, 704.02, 721.38, 736.81, 873.75, 

1012.63, 1078.21, 1114.86, 1143.79, 1197.79, 1234.44, 1332.81, 1369.46, 1448.54, 

1544.98, 1598.99, 1643.35, 1701.22, 3298.28. ASAP-HRMS: [M+H]+ calc. for 

[C33H24N3O4F34]: 1172.1224, found: 1172.1224. 

 

5.4.2.13 5-Amino-N1,N3-bis(1H,1H,2H,2H 

perfluorodecyl)carbamoyl)isophthalamide (4-13)  

 

To an ice-cooled suspension of 4-12 (50 mg, 0.042 mmol) in CH2Cl2 (4 mL) 

trifluoroacetic acid (1.49 g, 13.07 mmol) has been added dropwise and the reaction stirred 

at rt for 18 h under nitrogen atmosphere. Pure product was obtained by direct evaporation 

under vacuum as a white powder as trifluoroacetic acid salt (50 mg, quant.). M.p. 204 – 

208 °C. IR (ATR)  (cm-1): 526.57, 559.36, 655.80, 704.02, 723.31, 746.45, 823.60, 

879.54, 945.12, 983.70, 1016.49, 1064.71, 1114.86, 1143.79, 1195.87, 1195.87, 1332.81, 

1369.46, 1431.18, 1535.34, 1597.06, 1643.35, 3361.93, 3421.72. 1H NMR (700 MHz, 

DMSO-d6, 363 K) δ 8.25 (s, 1H), 7.36 (s, 1H), 7.14 (s, 2H), 5.22 (s, 2H), 3.58 (dd, J = 

12.6, 6.5 Hz, 4H), 2.61 – 2.53 (m, 4H). 13C NMR (176 MHz, DMSO-d6, 363 K) δ 166.5, 

148.2, 135.1, 114.8, 112.9, 31.3, 31.3, 31.3, 29.8, 29.7, 29.6. ASAP-HRMS [M+H]+ calc. 

for [C28H16N3O2F34]+ 1072.0700, found: 1072.0712.  

 

5.4.2.14 5-(1,3-Dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)isophthalic acid (4-15) 
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The synthesis followed a modified procedure of the reported one.[344] In a sealed tube, to 

a mixture of 1,8-naphthalic anhydride (0.100 g, 0.50 mmol) in DMF (2 mL), 5-

aminoisophtalic acid (0.100 g, 0.55 mmol) was added and the tube sealed at heated up to 

reflux for 18 h. The pale-yellow solution has been cooled down to room temperature, 

diluted with a 0.1 M NEt3 solution in MeOH (20 mL) and stirred for 10 min. The mixture 

was then filtered to remove the insoluble precipitate. The remaining solution was then 

poured in a 2 M aqueous HCl solution (30 mL) and stirred for 2 h. The white precipitated 

was then filtered and washed with MeOH (2 × 20 mL) and CH2Cl2 (3 × 20 mL), affording 

the desired compound as a white solid (0.135 g, 74%). M.p. > 360 °C. 1H NMR (500 

MHz, DMSO) δ 13.39 (s, 2H), 8.56 (t, J = 1.6 Hz, 1H), 8.25 (d, J = 1.6 Hz, 2H), 7.91 (dd, 

J = 8.0, 7.5 Hz, 2H). 13C NMR (126 MHz, DMSO) δ 166.1, 163.8, 136.9, 134.6, 134.3, 

132.2, 131.5, 130.7, 129.7, 128.0, 127.2, 122.8. IR (ATR)  (cm-1): 2978.09, 2885.51, 

2823.79, 2557.61, 1693.50, 1670.35, 1585.49, 1512.19, 1462.04, 1411.89, 1373.32, 

1350.17, 1327.03, 1280.73, 1261.45, 1234.44, 1184.29, 1149.57, 1130.29, 1114.86, 

1076.28, 1029.99, 941.26, 879.54, 840.96, 771.53, 756.1, 694.37, 671.23, 609.51, 547.78, 

520.78. ES-HRMS [M-H]- calc. for [C20H10NO6]-: 360.058, found: 360.059. 

 

5.4.2.15 5-(1,3-Dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)-N1,N3-bis(1H,1H,2H,2H-

perfluorodecyl)isophthalamide (4-14) 

 

To a mixture of 4-15 (0.100 g, 0.28 mmol) and HBTU (0.233 g, 0.62 mmol) in dry DMF 

(3 mL), DIPEA (0.080 g, 0.62 mmol) was added dropwise and the mixture stirred for 15 

min, until the solution turned brown. 1H,1H,2H,2H-perfluorodecylamine (0.287 g, 0.62 

mmol) was added dropwise. The reaction was stirred for 5 h and quenched with a 

saturated Na2CO3 solution (10 mL). The crude was extracted with EtOAc (3 × 50 mL). 

The combined organic layers were dried over Na2SO4, filtered and evaporated. The 

residual solid was dispersed in P.E. (20 mL) and centrifuged at 3000 x g for 5 min. The 

supernatant was removed with a pipette and the centrifugation and removal of the solvent 
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process repeated dispersing the solid first in MeOH (20 mL) and then in CH2Cl2 (20 mL). 

The solid obtained was dried under vacuum, providing the desired product as a white 

powder (72%, 0.249 g ). M.p. 266-268 °C. 1H NMR (400 MHz, DMSO, 363 K) δ 8.59 

(s, 2H), 8.45 (t, J = 8.4 Hz, 4H), 8.35 – 8.29 (m, 1H), 7.92 (d, J = 1.5 Hz, 2H), 7.87 – 7.82 

(m, 2H) 3.56 (t, J = 5.9 Hz, 4H), 2.57 – 2.49 (m, 4H). 13C NMR (176 MHz, DMSO, 363 

K) δ 164.9, 163.2, 135.9 135.1, 134.2, 131.2, 130.4, 130.3, 127.5, 126.8, 125.5, 122.0, 

31.5, 31.5, 29.6, 29.5 (it was not possible to detect perfluorinated carbon signals). 19F 

NMR (376 MHz, DMSO) δ -80.05 – -80.15 (m), -112.56 (s), -120.82 (s), -121.05 (s), -

121.86 (s), -122.71 (s), -125.13 (s). IR (ATR) (cm-1): 516.92, 530.42, 555.50, 655.80, 

704.02, 779.24, 846.75, 877.61, 1008.77, 1114.94, 1143.80, 1193.94, 1238.30, 1332.81, 

1357.89, 1373.32, 1436.97, 1533.41, 1560.41, 1589.34, 1647.21, 1680.00, 1707.00, 

3097.68, 3284.77. ASAP-HRMS [M+H]+ calc. for [C40H20N3O4F34]: 1252.0911, found: 

1252.0911.  
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 PS Beads production 

Two methods have been employed for the functionalisation of bPS0: bPS1, bPS3 and 

bPS4 were produced forming the amide bond from the respective acyl chloride; bPS2 

through an acid derivate and an amide coupling reagents. 

5.5.1 General method for production of bPS1, bPS3, bPS4 

PS

H
NR2

H
N R1

bPS1 R1 = C6H5CO; R2 = A

bPS3 R1 = CH3CO; R2 = A

bPS4 R1 = CH3CO; R2 = B

O

O

O

O

O

O

BA  

In a Schlenk tube, to a solution of PXX-acyl chloride derivative (3-5 for bPS1 and bPS3, 

3-20 for bPS4) in DCE, bPS0 were added, followed by a large excess of NEt3. The 

mixture was degassed by freeze-pump-thaw (3 × 2 min at 10-4 bar), heated up to 40 °C 

and stirred overnight in the dark. An excess of capping agent (benzoyl chloride for bPS1 

or acetyl chloride for bPS1 and bPS3) was then added, along with an equimolar aliquot 

of NEt3 and the mixture was kept stirring at 40 °C in the dark for 5 hours. The beads were 

then filtrated, washed with CH2Cl2 (2 × 30 mL), MeOH (2 × 30 mL) and distilled H2O (2 

× 30 mL) and dried overnight at 60 °C. The amount of dye used was calculated on the 

hypothesis that the acyl chloride formation from the respective acid is quantitative. 

. 

5.5.1.1 Production of bPS1 

The beads were produced according to the general procedure reported above using a 

solution of 3-5 (15.9 mg, 0.038 mmol) and NEt3 (0.2 mL, 145 mg, 1.43 mmol), bPS0 

(100 mg) in DCE (5 mL), benzoyl chloride (116 L, 1 mmol) and an equimolar second 
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aliquot of NEt3 (139 L, 1 mmol). The 1H NMR analysis in CDCl3 employing TCE as an 

internal standard provided loading of 0.19 mmol/g. 

 

5.5.1.2 Production of bPS3 

The beads were produced according to the general procedure reported above using a 

solution of 3-5 (13.44 mg, 0.032 mmol) and NEt3 (145 mg, 1.43 mmol) in DCE (3 mL), 

bPS0 (110.6 mg), acetyl chloride (26.0 mg, 0.33 mmol) and an equimolar second aliquot 

of NEt3 (46 L, 0.33 mmol). The 1H NMR analysis in CDCl3 employing TCE as an 

internal standard provided loading of 0.16 mmol/g. 

 

5.5.1.3 Production of bPS4 

The beads were produced according to the general procedure reported above using a 

solution of 3-20 (20.9 mg, 0.048 mmol) and NEt3 (19.4 mg, 27 L, 0.192 mmol), bPS0 

(129 mg) in DCE (3 mL), acetyl chloride (66.0 mg, 45 L, 0.6 mmol) and an equimolar 

second aliquot of NEt3 (84 L, 60.1 mg, 0.6 mmol). The 1H NMR analysis in CDCl3 

employing TCE as an internal standard provided loading of 0.57 mmol/g. 

 

5.5.1.4 Production of bPS2 

 

In a Schlenk tube, to a solution of 3-4 (15.2 mg, 0.037 mmol) and HBTU (36.0 mg, 0.093 

mmol) in dry DMF (5 mL), DIPEA (12 mg, 0.093 mmol) was added and the suspension 

stirred for 15 min at rt, until the orange solution turned darker. The mixture was degassed 

by freeze-pump-thaw (2 × 2 min at 10-4 bar). bPS0 (100 mg) were added to the tube 

keeping active N2 flux. The solution was sealed with a rubber septum and stirred in the 

dark at rt for 5 hours. The beads were then filtered, washed with CH2Cl2 (2 × 30 mL), 

MeOH (2 × 30 mL), distilled H2O (2 × 30 mL) and dried overnight at 60 °C. 
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 PDMS Beads and microfluidic chips production  

5.6.1.1 Production of bPDMS0 

Sylgard® 184 elastomer (1 g) and curing agent (0.1 g) were added into a glass vial and 

slowly mixed for 5 min. An aqueous SDS (0.5% v/v) solution (20 mL) was added and the 

mixture vortexed for 10 min. The emulsion was poured dropwise with a syringe equipped 

with a 0.8 mm diameter needle into a 1500 rpm stirring boiling aqueous SDS (0.05%) 

solution (400 mL) and stirred for 5 h. The beads were filtered and dried overnight at 60°C.  

 

5.6.1.2 General protocol for PDMS beads functionalisation 

The bPDMS0 functionalisation steps were carried out within a 15 mL plastic reactor 

(TELOS column, 15 mL) commonly used for solid-phase peptide synthesis (SPPS) 

procedures.[345] The reactor was equipped with a needle perforating a septum placed on a 

neck of a 3-neck round bottom flask. The remaining flask necks were connected to the N2 

or vacuum supply by a 2-way adapter with a stopcock, respectively (figure 5-29). 

 

Figure 5-29. Set-up for the bPDMS0 and bPDMS0m functionalisation. 

At first, the beads were loaded in the column and a solution of reactant was poured into 

the reactor. N2 supply was opened, and the gas bubbled through the column, keeping the 

solution from falling in the flask. In some cases, a stopcock was placed between the 

column and the needle, allowing to maintain the reactant solution inside the column 

without flushing N2. When the reaction was complete, the N2 flux was stopped and the 

adapter connected to the vacuum, allowing the solution to flush away from the column 
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down in the flask, maintaining only the beads inside the reactor, ready to be further 

functionalised or easily extracted with a spatula.  

 

5.6.1.3 Production of bPDMS1 and bPDMS1m 

 

bPDMS0 (200 mg) were loaded in the filtration column equipped with a stopcock and a 

mixture of 2/1 V/V EtOH/APTES (5 mL) was added. N2 was bubbled through the column 

for 5 mins at rt. The stopcock was sealed, the column closed on the top with a septum, 

and the mixture was kept in dark for 18 hours. The solution was flushed away and a 33% 

aqueous NH3 solution was added (10 mL) and N2 bubbled for 10 min. The liquid mixture 

was removed by filtration and the beads were washed with EtOH (3 × 20 mL), distilled 

H2O (3 × 20 mL) and dried at 60°C overnight. The presence of NH2 groups on the surface 

of the beads was confirmed first by a ninhydrin Kaiser test[346] and for bPDMS1 by XPS 

measures. Beads bPDMS1m were produced accordingly starting from bPDMS0m 

(50mg). The reactants were scaled accordingly. 

 

5.6.1.4 Production of bPDMS2 and bPDMS2m 

 

Within a plastic reactor, as described in the general protocol above and shown in figure 

5-29, to a solution of 3-16 (0.032 mmol, 16.7 mg)xi in CH2Cl2 (10 mL), bPDMS1 (100 

mg) were added, followed by NEt3 (0.2 mL, 145 mg, 1.43 mmol). N2 was bubbled through 

the column for 30 mins at rt, while the reactor was kept in the dark. The stopcock was 

 
xi Estimated value considering a full conversion for the hydrolysis of the 3-15 acid. 
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sealed, the column closed on the top with a septum equipped with a N2-filled balloon, and 

the mixture was kept in dark overnight. Acetyl chloride was added (23 L, 26.04 mg, 

0.331 mmol) followed by an addition aliquot of NEt3 (46 L, 33.3 mg, 0.331 mmol) and 

N2 was bubbled through the column for 30 mins at rt. The stopcock was sealed, the 

column closed on the top with a septum equipped with a N2-filled balloon, and the mixture 

was kept in dark for 4 hours. The solution was filtered off and the beads washed with 

CH2Cl2 (2 × 50 mL), EtOH (2 × 50 mL), H2O (2 × 50 mL) and dried at 60°C overnight. 

The filtrate was then collected, dried and analysed by 1H NMR in CDCl3 with TCE as an 

internal standard, allowing, from the quantification of the residual 3-16 derivatives in 

solution to calculate a loading of 3-16 on bPDMS1 of 0.16 mmol/g. Beads bPDMS2m 

were produced with the same procedure starting from bPDMS1m (30 mg). The reactants 

were scaled accordingly. 

 

5.6.1.5 Production of bPDMS3 

 

Within a plastic reactor, as described in the general procedure above and shown in figure 

5-29, to a solution of 3-20 (0.037 mmol, 20.0 mg)xii in CH2Cl2 (10 mL), bPDMS1 (156 

mg) were added, followed by NEt3 (0.1 mL, 0.71 mmol). N2 was bubbled through the 

column for 30 mins at rt, while the reactor was kept in the dark. The stopcock was sealed, 

the column closed on the top with a septum equipped with a N2-filled balloon, and the 

mixture was kept in dark overnight. Acetyl chloride was added (46 L, 26.04 mg, 0.662 

mmol) followed by an addition aliquot of NEt3 (91 L, 0.662 mmol) and N2 was bubbled 

through the column for 30 mins at rt. The stopcock was sealed, the column closed on the 

top with a septum equipped with a N2-filled balloon, and the mixture was kept in dark for 

4 hours. The solution was filtered off and the beads washed with CH2Cl2 (2 × 50 mL), 

EtOH (2 × 50 mL), H2O (2 × 50 mL) and dried at 60°C overnight.  

 
xii Estimated value considering a full conversion of the 3-19. 
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5.6.1.6 Production of bPDMS0m 

Microfluidic production of beads was carried out in Elvesys in collaboration with Alex 

McMillan and Dr Sasha Cai Lesher-Pérez during my 2-month internship period between 

April 2019 and June 2019. 

 

5.6.1.7 Droplet generator device production.  

Flow-focusing PDMS devices were used for droplet generation. Micropatterned PDMS 

slabs were fabricated using standard soft lithography techniques with a master mould 

consisting of Ordyl® dry film photoresist (55 μm thickness) on a 75 mm × 25 mm glass 

slide. A mixture of Sylgard 184® PDMS elastomer and crosslinking agent (10:1 w/w) 

was deposited over the master mould and heated to 60 °C overnight to allow curing and 

hardening. The so formed replica has been detached from the mould and the inputs and 

outputs of the channel punched to allow the future connection of the tubes. The devices 

were sealed to a 76 mm × 26 mm glass slide after surface treatment in a plasma cleaner 

at 0.27 mbar and 30W for 2 min. Channel dimensions at the flow-focusing junction were 

55 μm × 100 μm (height × width).  

 

5.6.1.8 Microfluidic PDMS bead generation 

Beads generation followed the protocol described previously.[347] Droplet generator 

devices were treated with a laboratory corona treater after which, a 0.5% aqueous SDS 

solution was injected into all channels of the devices to maintain hydrophilicity before 

bead generation. An OB1® MK3+ pressure controller (0–2000 ± 0.1 mbar) was used to 

pump the surfactant solution as a continuous phase through the lateral channels at the 

flow-focusing junction and a 1/1 mixture of toluene and 1/10 PDMS crosslinker-base 

solution as the droplet-forming phase through the central channel. Droplets were collected 

in a Falcon® tube and left for 24 h at rt for PDMS curing to form solid micro beads. Beads 

were subsequently imaged using a Zeiss Axio Observer Z1 microscope and image 

analysis was conducted using FIJI software.  
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5.6.1.9 Fluoroflex device fabrication  

A fluoroflex microfluidic device was fabricated using the rapid hot embossing method 

described previously. An Ordyl® on glass mould was used, containing a microbead 

reactor design consisting of a 110 μm × 2 mm × 24 mm (height × width × length) channel 

with an array of 60 μm pillars with 30 μm spacing at the outlet end of the channel. Raw 

Fluoroflex sTPE pellets were placed between a polished metallic and the Ordyl mould 

and pressed using a manual heat press at 220 °C for approximately 30 s. After cooling for 

1 min, the mould assembly was disassembled using tweezers and isopropanol to facilitate 

the separation between the mould and the hot-embossed fluoroflex sheet. A secondary 

sheet was hot-embossed using a plain glass slide instead of a mould, resulting in a flat, 

featureless sheet. Holes were then punched in the micropatterned sTPE sheet at the inlet 

and outlet locations using a steel hole punch before placing it in conformal contact with 

the featureless sTPE sheet. The assembly was then baked in an oven for 2 h at 185 °C to 

achieve robust self-bonding between the two layers. Polyether ether ketone (PEEK) 

NanoPort connectors with perfluoropolymer O-ringswere fixed to inlet and outlet of the 

sTPE device using a UV curing glue with 30s of UV exposure from a UV LED flashlight 

(25 mW cm-2, 390–400 nm) to allow for interfacing with microfluidic tubing.  

 

5.6.1.10 Bead packing and functionalization 

The PDMS microbead suspension in surfactant solution was injected into the bead reactor 

channel using a syringe, with the beads becoming trapped by the pillar array near the 

outlet of the channel. Distilled H2O was then injected in order to wash the surfactant from 

the beads before beginning the PDMS surface modification protocol described by Beal et 

al.[243] A 1/2 V/V APTES/EtOH solution was injected into the channel and left to diffuse 

through the PDMS surface for 5 min at rt. The APTES solution was removed from the 

channel by syringe and a 28% aqueous NH3 solution was injected and left to incubate in 

the channel for 3 min to catalyse hydrolysis. The NH3 solution was removed and the 

channel was left overnight to dry. 
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5.6.2 General Procedure for the photodehalogenation reactions 

 

A 10 mL Schlenk tube (length: 10 cm, diameter: 1 cm)  was charged with 4BrAP (0.05 

mmol), DIPEA (0.1 mmol) and the dye (5 mol%, 8.3×10-4 M) in ACN (3 mL). The 

mixture was degassed by freeze-pump-thaw (3 × 5 min at 0.1 mbar). The tube was 

irradiated inside the set-up reported above (see Irradiation equipment) while stirred. 

Control experiments (“blank”) used the non-functionalised beads and the same 

concentration of reagents. Reaction conversions were estimated by NMR spectroscopy, 

often employing TCE as an internal standard. Otherwise, the conversion was estimated 

by GC-MS using p-nitroacetophenone as an internal standard and calibrating the response 

factor comparing NMR spectra. When internal standard was not present, the conversion 

was calculated in the NMR case from the ratio of the reactant and product signals or, for 

GC-MS analysis, by concentration-to-signal factors calculated from external standard 

calibration (no side products were previously reported for this transformation).[139] 

NMR signals and GS retention times 
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5.6.3 Selected GC and NMR spectra of photoreactions reported in chapter 3 

bPS1 (10 mol%)

Br

O O

irr = 460 nm, ACN,
DIPEA, N2, rt, 24 h  

 

Figure 5-30. 300 MHz NMR in CDCl3 for reaction reported in table 3-6, entry 2. TCE has been 
used as the internal standard. 

 

Figure 5-31. GC-MS for reaction reported in table 3-6, entry 4.  
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Figure 5-32. 300 MHz NMR in CDCl3 for reaction reported in Table 3-14, entry 1.  

 

  

Figure 5-33. GC-MS for reaction reported in table 3-3. 
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3-13 (10 mol%)

Br

O O

irr = 460 nm, ACN,
DIPEA, N2, rt, 24 h  

 

Figure 5-34. GC-MS for debromination reaction employing 3-13 as photoactive moiety. 
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 Selected NMR  and Mass spectra of compounds reported in the 

experimental section 

 

5.7.1.1 6-(2,6-Dimethylphenyl)-6'-methoxy-[1,1'-binaphthalene]-2,2'-diol (3-8)  

  

Figure 5-35. 1H NMR 300 MHz in CD2Cl2. 

 

Figure 5-36. 13C NMR 75 MHz in CD2Cl2. 
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Figure 5-37. EI-HRMS for 3-8. 

 

5.7.1.2 2-(2,6-Dimethylphenyl)-8-methoxyxantheno[2,1,9,8-klmna]xanthene (3-9) 

Figure 5-38. 1H NMR 400 MHz in CD2Cl2. 
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Figure 5-39. 13C NMR 101 MHz in CD2Cl2. 

 

Figure 5-40. HR-Mass for 3-9. 
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5.7.1.3 6-Bromo-6'-(2,6-dimethylphenyl)-[1,1'-binaphthalene]-2,2'-diol (3-11) 

Figure 5-41. 1H NMR 400 MHz in THF-d8. 

Figure 5-42. 1H NMR 101 MHz in THF-d8.  
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5.7.1.4 2-Bromo-8-(2,6-dimethylphenyl)xantheno[2,1,9,8-klmna]xanthene (3-12) 

Figure 5-43. 1H NMR 300 MHz in CDCl3. 

Figure 5-44. 13C NMR 101 MHz in THF-d8.  
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5.7.1.5 Methyl 4-(8-(2,6-dimethylphenyl)xantheno[2,1,9,8-klmna]xanthen-2-

yl)benzoate (3-14)  

Figure 5-45. 1H NMR 400 MHz in THF-d8. 

 

Figure 5-46. 13C NMR 101 MHz in THF-d8. 
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5.7.1.6 4-(8-(2,6-Dimethylphenyl)xantheno[2,1,9,8-klmna]xanthen-2-yl)benzoic 

acid (3-15) 

Figure 5-47. 1H NMR 300 MHz in DMSO-d6. 

Figure 5-48. 13C NMR 101 MHz in DMSO-d6 at 338K. 
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5.7.1.7 4-(8-(2,6-Dimethylphenyl)xantheno[2,1,9,8-klmna]xanthen-2-yl)-N-

propylbenzamide (3-13) 

Figure 5-49. 1H NMR 500 MHz in CD2Cl2. 

Figure 5-50. 13C NMR 126 MHz in CD2Cl2 
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Figure 5-51. HR-Mass for 3-13. 

.  
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5.7.1.8 Peri-xanthenoxanthene (PXX)  

Figure 5-52. 1H NMR 400 MHz in THF-d8. 

Figure 5-53. 13C NMR 400 MHz in THF-d8. 
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Figure 5-54. HR-Mass PXX. 

 

5.7.1.9 H-bromoxantheno[2,1,9,8-klmna]xanthene (3-1) 

 

Figure 5-55. HR-Mass for 3-1. 
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5.7.1.10 Methyl 4-(xantheno[2,1,9,8-klmna]xanthen-3-yl)benzoate (3-3) 

Figure 5-56. 1H NMR 300 MHz of in CDCl3. 

Figure 5-57. 13C NMR 101 MHz of in THF-d8. 
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5.7.1.11 4-(Xantheno[2,1,9,8-klmna]xanthen-3-yl)benzoic acid (3-4) 

Figure 5-58. 1H NMR 300 MHz of in DMSO-d6. 

 

Figure 5-59. 13C NMR 101 MHz of in DMSO-d6. 
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5.7.1.12 N-propyl-4-(xantheno[2,1,9,8-klmna]xanthen-3-yl)benzamide (3-2) 

Figure 5-60. 1H NMR at 300 MHz in CD2Cl2. 

Figure 5-61. 13 C NMR at 126 MHz in DMSO-d6. 
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5.7.1.13 Methyl 2-(4-(xantheno[2,1,9,8-klmna]xanthen-3-yl)phenyl)acetate (3-18) 

Figure 5-62. 1H NMR 300 MHz in CD2Cl2. 

 

 
Figure 5-63. 13C NMR 75 MHz in CD2Cl2. 
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Figure 5-64. HR-Mass for 3-18. 

 

5.7.1.14 2-(4-(Xantheno[2,1,9,8-klmna]xanthen-3-yl)phenyl)acetic acid (3-19) 

Figure 5-65. 1H NMR 600 MHz in DMSO-d6. 
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Figure 5-66. 1H NMR 151 MHz in DMSO-d6. 

 

 

 

 

 

 

 

 

 

 



Chapter 5 

Cardiff University 215 Chemistry Department 
 

5.7.1.15 Tert-butyl (2-(5-hydroxy-6-(2-hydroxynaphthalen-1-yl)-1,3-dioxo-1H-

benzo[de]isoquinolin-2(3H)-yl)ethyl)carbamate (3-24) 

Figure 5-67. 1H NMR 300 MHz in CDCl3. 

Figure 5-68. 13C NMR 101 MHz in CDCl3. 
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Figure 5-69. HR-MS and EC for 3-21. 

 

5.7.1.16 Tert-butyl (2-(1-methoxy-4,6-dioxo-4H-benzo[de]benzo[4,5]chromeno[3,2-

g] isoquinolin-5(6H)-yl)ethyl)carbamate (3-25) 

Figure 5-70. 1H NMR 300 MHz in CD2Cl2 and MeOD. 
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O

O

OO N

NH2

[M+Na]+

 
Figure 5-71. HR-Mass. 

 

5.7.1.17 2,9-Didecylanthra[2,1,9-def:6,5,10-d'e'f']diisoquinoline-1,3,8,10(2H,9H)-

tetraone (4-1) 

Figure 5-72 1H NMR 500 MHz in CDCl3. 

 



Chapter 5 

Cardiff University 218 Chemistry Department 
 

Figure 5-73. 1H NMR 500 MHz in CDCl3. 

 

Figure 5-74. EC Report. 
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5.7.1.18 2,9-Bis(1H,1H,2H,2H-perfluorodecyl)anthra[2,1,9-def:6,5,10-

d'e'f']diisoquinoline-1,3,8,10(2H,9H)-tetraone (4-2) 

Figure 5-75. 300 MHz NMR in CDCl3/TFA 4/1 v/v. 

Figure 5-76. 19F NMR 471 MHz in CDCl3/TFA 4/1 v/v. Inset. Spectrum with manual suppression 
of the TFA signal at -76.00 ppm in order to afford phase correction. 

 



Chapter 5 

Cardiff University 220 Chemistry Department 
 

5.7.1.19 2-Decyl-5-hydroxy-6-(2-hydroxynaphthalen-1-yl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione (4-4) 

Figure 5-77. 1H NMR 500 MHz in CDCl3. 

 

Figure 5-78. 13C NMR 126 MHz in CDCl3. 
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Figure 5-79. HR-MS spectrum. 
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5.7.1.20 2-(1H,1H,2H,2H-Perfluorodecyl)-5-hydroxy-6-(2-hydroxynaphthalen-1-

yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (4-5) 

Figure 5-80. 1H NMR 300 MHz in CD2Cl2. 

 

Figure 5-81. 13C NMR 75 MHz in CD2Cl2 and MeOD. 
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Figure 5-82 19F NMR 471 MHz in CDCl3.  
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5.7.1.21 4-Decyl-3H-benzo[8',1']isochromeno[5',4',3':3,4,5]isochromeno[7,8,1-

def]isoquinoline-3,5(4H)-dione (4-6) 

Figure 5-83. 1H NMR 500 MHz in CDCl3. 

Figure 5-84. 13C NMR 101 MHz in CDCl3. 
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Figure 5-85. EC report. 

 

5.7.1.22 4-(1H,1H,2H,2H-perfluorodecyl)-3Hbenzo[8',1']isochromeno[5',4',3':3,4,5] 

isochromeno[7,8,1-def]isoquinoline-3,5(4H)-dione (4-7)  

 

Figure 5-86. 1H NMR 300 MHz in CDCl3. 
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Figure 5-87. 19F NMR 376 MHz in CDCl3. 

 

 

Figure 5-88. EC-MS for 4-7. 

 

5.7.1.23 2-(1H,1H,2H,2H-Perfluorodecyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione 

(4-8) 

Figure 5-89. 1H NMR 400 MHz in CDCl3. 
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Figure 5-90. 13C NMR 101 MHz in CDCl3. 

Figure 5-91. 19F NMR 376 MHz in CDCl3. 
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Figure 5-92. HR-MS and EC report. 

 

5.7.1.24 2-(Perfluorophenyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (4-9)  

Figure 5-93. 1H NMR 400 MHz in CDCl3. 
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Figure 5-94. 13C NMR 101 MHz in CDCl3.  

 

Figure 5-95. 19F NMR 376 MHz in CDCl3. 
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5.7.1.25 2,7-Bis(1H,1H,2H,2H-perfluorodecyl)benzo[lmn][3,8]phenanthroline-

1,3,6,8(2H,7H)-tetraone (4-10)  

Figure 5-96. 1H NMR 300 MHz in CDCl3/TFA 4/1 v/v 

Figure 5-97. 19F NMR 471 MHz in CDCl3/TFA 4/1 v/v. Inset. Spectrum with manual suppression 
of the TFA signal at -76.00 ppm in order to afford phase correction. 
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5.7.1.26 Tert-butyl (3,5((1H,1H,2H,2H-perfluorodecyl)carbamoyl)phenyl) 

carbamate (4-12) 

 

Figure 5-98. 1H NMR 700 MHz in DMSO-d6 at 363 K. 

 

Figure 5-99. 13C NMR 176 MHz in DMSO-d6 at 363 K. 
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Figure 5-100. EC Report. 

 

5.7.1.27 5-Amino-N1,N3-bis(1H,1H,2H,2perfluorodecyl)carbamoyl)isophthalamide 

(4-13)  

 

Figure 5-101. 1H NMR 700 MHz in DMSO-d6 at 363 K. 
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Figure 5-102. 13C NMR 176 MHz in DMSO-d6 at 363 K. 

 

Figure 5-103. EC report. 
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5.7.1.28 5-(1,3-Dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)-N1,N3-bis(1H,1H,2H,2H-

perfluorodecyl)isophthalamide (4-14)  

Figure 5-104. 1H NMR 400 MHz in DMSO-d6 at 363 K. 

 

Figure 5-105. 13C NMR 176 MHz in DMSO-d6 at 363 K. Phase has been modified to visualise 
all the peaks. 
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Figure 5-106. 19F NMR 376 MHz in DMSO-d6 at 363 K. 
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