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Abstract 

Supramolecular chemistry deals with molecular systems that enhance host-guest 

binding and can experience large and reversible changes in geometry, electronic or redox 

properties and in their photophysics upon chemical, redox or photonic stimuli. The great 

advantage of these systems is their easy functionalization that opens the way to design 

smart architectures with personalized properties depending on the desired application. A 

wide range of applications have been achieved thanks to the emerging synthesis of 

supramolecular systems like sensors devices, drug delivery systems, artificial molecular 

machines or functional supramolecular devices. Among all the building blocks available 

for designing new supramolecular architectures, porphyrins are highly attractive since 

this family of molecules is present in natural processes such as light harvesting, electron 

and energy transfer reactions, catalysis or as oxygen transporters. In addition, their 

aromatic core can be easily functionalized to tune their properties. Finally, they have very 

interesting photophysical and electrochemical properties.  

In this PhD thesis, we aimed to characterize the photophysical properties of different 

supramolecular arrays based on porphyrins that have been prepared by Prof. Heitz’s group 

(University of Strasbourg, France). This thesis is constituted by 5 different chapters that 

are detailed below: 

Chapter 1 introduces the basic principles of photophysics, such as light absorption 

and emission from chromophores. Also, it discusses the nature of energy or electron 

transfer processes in supramolecular systems. In addition, a brief review on porphyrins 

and their applications is presented to highlight their importance in the design of new 

molecular cages or supramolecular arrays.  

 In Chapter 2, the photophysical properties of four flexible covalent cages composed 

by either two free-base porphyrins or one free-base porphyrin and one Zn(II)-metallated 

porphyrin decorated with triazole ligands, connected by flexible linkers (ethylenglycol 

(short) and diethylenglycol (long)), are detailed. The study revealed that the proximity of 

the two porphyrins within the structure provokes strong exciton interactions between the 

units, reflected in their absorption spectra. Besides, ultrafast luminescence measurements 

showed that the Zn-porphyrin fluorescence is quenched by a fast energy transfer that 

sensitizes the free-base emission in the Zn(II)-porphyrin containing cages.  

In Chapter 3, the study of the complexation processes with Ag(I) of the four flexible 

covalent cages discussed in Chapter 2 is presented. The coordination of Ag(I) proved to 
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be a valid effector in opening the cavity of the cages, demonstrating their size-tunable 

capacity. The separation of the units in the opening process produced changes in 

absorption and emission spectra; it was thus possible to characterize spectroscopically the 

complexation event. The effective coordination of Ag(I) ions to the lateral triazole ligands 

occurred for all cages, except for the “long” cage composed by two free-base porphyrins. 

The unusual behavior of the long cage appears to be due to a metalation process of the 

porphyrin core that competes with Ag(I) complexation of the lateral triazole groups. 

Thanks to computational simulations, it has been proposed that the porphyrinic NH 

groups of this cage points towards the interior leaving exposed to the outside the reactive 

lone pair of the nitrogens enhancing its reactivity towards the binding of Ag(I). 

Furthermore, the ability of the short cages to function as hosts for the complexation of the 

ethionamide molecule was tested. The addition of ethionamide to the Ag(I)-complexes 

provoked an increase in the exciton coupling, probably due to the lower distance between 

the porphyrin planes induced by the complexation of ethionamide to the Ag(I) ions that 

leads to a more constricted conformation of the cages, accordingly to preliminary 

computational studies.  

In Chapter 4, a new series of acridinium-porphyrin conjugates were studied. It was 

found that the acridinium units linked to the porphyrin behave as photoactive units that 

modify the properties of the arrays. Comparison of the absorption spectra of these arrays 

with those of their respective model compounds showed changes in the Soret band region. 

Theoretical calculations indicated that both porphyrin and acridinium centered transitions 

are responsible for these features. Concerning the emission properties, all arrays showed 

a strong fluorescence quenching of both the porphyrin and acridinium units, caused by an 

ultrafast photoinduced electron transfer process. Transient absorption analysis revealed 

that the formation of the charge separated state occurs in ca. 0.3 ps while its lifetime is 

ca. 1 ps.  

Finally, Chapter 5 is dedicated to the description of the different photophysical 

techniques which were employed in the development of this PhD thesis: absorption and 

emission spectroscopy, gated sampling, streak camera measurements, time correlated 

single photon counting and ultrafast transient absorption spectroscopy.  

 



Academic activities  

5 

 

Academic activities 

Attendance to congresses and schools: 

6th General Assembly & Annual Conference MSCAA, Vienna (Austria). Feb 2019. 

Poster presentation. 

1st NOAH School, Tarragona (Spain). May 2019. Oral and poster presentations. 

14th International Symposium on Macrocyclic and Supramolecular Chemistry, Lecce 

(Italy), Jun 2019. Poster presentation. 

14th Italian Conference on Supramolecular Chemistry, Lecce (Italy), Jun 2019. Poster 

presentation.  

UK-IT Joint Meeting on Photochemistry, Lipari (Italy). Jun 2019. Oral presentation.  

Researchers’ night, Bologna (Italy), Sept 2019. Oral presentation and activities.  

2nd NOAH School, Bologna (Italy), Oct 2020. Oral and poster presentations. 

1st SupraMat Conference, Spain, Feb 2021. Poster presentation. 

“Il Linguaggio della Ricerca” outreach activity for schools, Istituto Ettore Majorana, 

Bologna (Italy), Mar 2021. Oral presentation and activities. 

International Conference on Porphyrins and Phthalocyanines, Online event, June 

2021. Poster presentation. 

3rd NOAH School, Berlin (Germany), Sept 2021. Oral presentation.  

Publications: 

Daniel Sánchez-Resa, Laetitia Schoepff, Ryan Djemili, Stéphanie Durot, Valérie 

Heitz and Barbara Ventura: “Photophysical properties of porphyrinic covalent cages 

endowed with different linkers”, Journal of Porphyrins and Phthalocyanines, 2019, 23, 

841-849. DOI: 10.1142/S1088424619500925. 

Amy Edo-Osagie, Daniel Sánchez-Resa, Dylan Serillon, Elisa Bandini, Christophe 

Gourlaouen, Henri-Pierre Jacquot de Rouville, Barbara Ventura and Valérie Heitz: 

“Synthesis, electronic and photophysical properties of a bisacridinium-Zn(II) porphyrin 

conjugate”, Compter Rendus Chimie, 2021, 24, DOI: 10.5802/crchim.100. 

Daniel Sánchez-Resa, Laura Zanettli-Polzi, Ryan Dejmili, Stéphanie Durot, Valérie 

Heitz, Isabella Dadione and Barbara Ventura: “Ag(I) complexation of porphyrinic 

covalent cages equipped with different flexible linkers”. Under preparation. 



Chapter 1 

6 

 

Chapter 1: Introduction 

1.1.  Principles of photophysics 

1.1.1. The nature of light 

The interaction of light with matter, either in a natural or artificial way,  crosses most 

branches of science.[1,2] Crucial processes such as photosynthesis depend on light: we can 

see thanks to a photochemical process occurring in our eyes, the technological world in 

areas like signal processing, storage, sensors and sensitizers are based on the interaction 

of light with matter and the generation of energy from solar power, an important resource 

nowadays, relies on photophysical and photochemical processes.[3,4]  

 

Figure 1.1. Electromagnetic spectrum, the region of interest for photochemistry is remarked. 

Reproduced with permission of © 2020 Springer Nature Switzerland AG.[5] 

Light is understood as the electromagnetic radiation in the visible, near ultraviolet, 

and near infrared spectral range (Figure 1.1). In the wave model, the electromagnetic 

radiation is characterized by wavelength (λ), frequency (ν) and velocity (c). The c value 

is constant (2.998·108 m·s-1 in vacuum), while the wavelength and the frequency cover a 

wide range of values, its relationship is defined by the following equation (1.1): 
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𝜆 =
𝑐

𝜈
 (1.1) 

The electromagnetic spectrum contains different types of radiation depending on their 

wavelength, the interesting range for photochemistry is comprised in the region from 200 

to 1000 nm since the electronic transitions occurs within.   

In the quantum model a stream of photons is considered a beam of radiation. The 

energy of the photon, E, related to the frequency of the radiation, ν, is defined as described 

in equation (1.2): 

𝐸 = ℎ𝜈 (1.2) 

where h is Planck’s constant (6.63·10-34 J·s).  

When light interacts with a molecular system, an interaction between one molecule 

and one photon occurs (1.3): 

A + hν → *A (1.3) 

where A represents the molecule in its ground state, hν the absorbed photon and *A the 

molecule in an electronically excited sate. The excited state must be considered as a new 

chemical species in comparison with the molecule in its ground state and can present 

different chemical and physical properties.  

1.1.2. Potential energy surfaces[5] 

Molecular systems present well-defined electronic states: ordinary chemistry is the 

one that deals with the ground electronic state whereas photochemistry is the chemistry 

of the electronic excited sates. This difference is based on the Born-Oppenheimer 

approximation that proposes the separation between the electronic and nuclear motions.[6] 

This approximation relies on the considerable difference in the masses of electrons and 

the nuclei. Considering the approximation, the electronic wavefunctions can be solved at 

fixed values of nuclear coordinates. For each geometry (Q) we can get a set of electronic 

wavefunctions ψk and energies Ek (where k is the electronic quantum number). For each 

k, the set of energy values obtained at different geometries defines a surface called the 

“adiabatic potential energy surface” of the kth electronic state. This approximation is 

appliable when the electronic wavefunctions are slowly changing functions of the nuclear 

coordinates, nevertheless it is less valid if the electronic wavefunctions change drastically 

with nuclear motion. 

Since a nonlinear N-atomic molecule has 3N-6 internal degrees of freedom, each 

electronic state is described by a potential hypersurface in a 3N-5 dimensional space. The 
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ground state hypersurface usually presents a deep minimum that belongs to the stable 

geometry of the molecule (Figure 1.2).  

 

Figure 1.2. Potential energy curves for the ground (ψ) and the first excited state (*ψ). Ed and E’d 

represent the corresponding dissociation energies. Reproduced with permission of © 2020 Springer 

Nature Switzerland AG.[5]  

1.1.3. Electronic states and configurations[5] 

Since molecules are multielectron systems, their approximate electronic 

wavefunctions can be set as products (which must be antisymmetrized) of one-electron 

wavefunctions where each one consists of an orbital and a spin part (1.4): 

𝜓𝑒 = 𝜙𝑆 =  Π𝑖𝜙𝑖𝑠𝑖 (1.4) 

The ϕi are molecular orbitals (MO) and si is one of the two possible spin 

eigenfunctions, α or β. The orbital part of this multielectron wavefunction defines the 

electronic configuration.  

1.1.4. Light absorption[5] 

In order to promote a molecule from the ground electronic state to an electronically 

excited state, it is needed that the photon energy, hν, matches the energy gap between the 

ground and the excited state. In the case of common organic and inorganic molecules, 

this energy gap can be required in the visible and near ultraviolet regions. The probability 

of the transition when the energy gap is overcome, from the ground state ψi to the excited 

state ψf, is proportional to the square of the transition dipole moment Mif (1.5): 

𝑀𝑖𝑓 = ⟨Ψ𝑖|𝜇|Ψ𝑓⟩ (1.5) 

where i and f stand for initial and final. µ is the electric dipole moment operator defined 

as ∑erj with e representing the electron charge and rj represents the position vector of the 

electron. 
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If the complete wavefunctions Ψ = Φ𝑆𝑋, where Φ is the molecular orbital, S the spin 

eigenfunction and X the position vector of the electron, are substituted in equation (1.5), 

the transition moment splits into the product of three terms as shown in equation (1.6): 

𝑀𝑖𝑓 = ⟨𝜙𝑖|𝜇|𝜙𝑓⟩⟨𝑆𝑖|𝑆𝑓⟩∑𝑛⟨𝑋𝑖,0|𝑋𝑓,𝑛⟩ (1.6) 

Taking into account the group theory,[7] the first term in equation (1.6) is annulled if 

the symmetry properties of the initial and final orbital functions are not appropriate (if the 

product ϕiϕf does not belong to the same irreducible representation of the point group of 

the molecule as µ). In these cases, the transition is symmetry-forbidden and it will appear 

with low intensity in the spectrum. The second term in (1.6) is expected to disappear due 

to the orthogonality of  the spin wavefunctions when the initial and final states have 

different spin multiplicity, then the corresponding electronic transitions are denominated 

spin-forbidden. The last term is often called Franck-Condon term and can be discussed 

by considering that during electronic excitation the nuclear vibrational wavefunction 

remains nearly intact (Franck-Condon principle). If the change in equilibrium geometry 

upon excitation is small, the zero-zero transition between the two lowest vibrational levels 

of the two states is the most intense, and the others appear weak. If it is large, the zero-

zero transition appears weak. In general, the peak of the absorption appears approximately 

at the energy of the so-called vertical transition, which corresponds to the difference 

between the energies of the initial and final states and the Franck-Condon term 

determines the shape of the absorption band. 

1.1.5. Intramolecular excited state deactivation[5] 

Vibrational relaxation 

The light absorption can generate the excited state in a high vibrational level, and 

these vibrational excited molecules will tend to dissipate their excess vibrational energy 

(thermal) by interaction with surrounding molecules. This deactivation process is called 

vibrational relaxation. 

Radiative deactivation 

Electronically excited molecules can return to the ground state by emitting a quantum 

of light: 

*A → A + hν’ 
(1.7) 

This radiative transition is often known as spontaneous emission (not the same as 

stimulated emission). The same spin and symmetry selection rules discussed for 
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absorption are valid for the radiative deactivation. It is usual to refer to fluorescence when 

a spin-allowed emission (S1→S0 in organic molecules) takes place and phosphorescence 

when a spin forbidden emission (T1→S0 in organic molecules) occurs.  

Radiationless deactivation 

If the excited state is converted into the ground state (or lower excited state) without 

emission of radiation, a two-step mechanism operates: 

i. Isoenergetic conversion of the electronic energy of an upper state into 

vibrational energy of the ground state (radiationless transition) 

ii. Vibrational relaxation of the ground state. 

The Jablonski’s diagram of a generic organic molecule is illustrated in Figure 1.3. 

Experimental observations showed that internal conversion within each excited state of 

any given multiplicity (Sn→S1 and Tn→T1) is an ultrafast process (picosecond region). 

Intersystem crossing between the lowest excited states of any multiplicity (S1→T1) is in 

the range of sub-nanosecond to nanoseconds. Finally, radiationless deactivations from the 

lowest excited states of any multiplicity to the ground state are slower (nanoseconds to 

microseconds for S1→S0, and milliseconds to seconds for T1→S0). As detailed, 

radiationless decay of upper excited states to the lowest one of same multiplicity is very 

fast and that is why usually the emitting level of a given multiplicity is the lowest excited 

level of that multiplicity (Kasha’s rule).[8]  

 

Figure 1.3. Schematic energy level diagram and deactivation processes for a generic organic 

molecule. Reproduced with permission of © 2020 Springer Nature Switzerland AG.[5]  
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Chemical Reaction 

The processes described before are denominated photophysical processes since they 

do not provoke any chemical change in the light-absorbing molecule. But excited states 

can deactivate to the ground-state also by a variety of chemical processes.  

Kinetic aspects 

The three unimolecular processes: radiative deactivation, radiationless deactivation 

and intramolecular chemical reaction, compete for deactivation of any excited state of a 

molecule. Therefore, their rates are fundamental to determine the behavior of the excited 

state.  

An excited state *A will decay according to an overall first-order kinetics with a 

lifetime (τ(*A)) given by (1.8): 

τ( 𝐴∗ ) =
1

𝑘𝑟 + 𝑘𝑛𝑟 + 𝑘𝑝
=

1

Σ𝑗𝑘𝑗
 (1.8) 

where kr, knr and kp are the rate constants of the three unimolecular processes: radiative 

or radiationless deactivation or chemical reaction, respectively. For each process of *A 

deactivation, its efficiency ηi(*A) can be defined as (1.9): 

𝜂𝑖( 𝐴∗ ) =
𝑘𝑖

Σ𝑗𝑘𝑗
=  𝑘𝑖𝜏( 𝐴∗ ) (1.9) 
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1.2. Supramolecular Photochemistry  

Before stating what a supramolecular system is from the photophysical point of view, 

a definition of supramolecular chemistry should be presented: 

In generally accepted terms, supramolecular chemistry deals with non-covalent 

interactions (hydrogen bonding, donor-acceptor, van der Waals…) between molecules 

that drive towards molecular recognition and self-assembly processes. Most non-covalent 

interactions are relatively weak and break with no need of activation barriers, then, most 

of supramolecular systems are under thermodynamic control. For a long time, 

supramolecular chemists focused on systems under thermodynamic control but recently 

kinetically controlled and far-from-equilibrium systems are being studied. We can define 

the different regimes as follows: 

- Equilibrium assemblies: systems that persist thanks to their thermodynamic 

stability. 

- Kinetically trapped assemblies: systems that are stable during a short time, trapped 

in a local minimum of the energy landscape. Time or activation energy are 

required to be converted into more stable structures.  

- Far from equilibrium assemblies: these systems require a continuous supply of 

energy to persist.[9] 

Considering these regimes, the self-organization that lead towards more complex 

systems can be: 

- Passive. The self-assembled architecture has been created from components under 

thermal equilibrium conditions. It can be adaptive when external or internal 

stimuli/effectors take place. 

- Active. It corresponds to the self-organization that is driven by time-dependent, 

non-equilibrium, dissipative physical and chemical processes. The system can 

adapt and evolve under non-equilibrium conditions.[10]  

Ultimately, supramolecular chemistry explores molecular systems that enhance guest 

binding and can experience large and reversible geometrical, electronic, redox or 

luminescence modifications upon a chemical, redox or photonic stimulus. These systems 

should be easily functionalized, with the aim to produce functional devices that can act 

as sensors, drug delivery systems, artificial molecular machines, or functional 

supramolecular devices.[10–15] Supramolecular chemistry allows the synthesis of 
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functional structures that can present sizes near the nanoscopic dimensions. Nowadays, it 

is a mature field of science that frontiers with fields such as physics and biology. In 

conclusion, supramolecular chemistry has overcome the classical boundaries of science 

and represents a highly interesting field.[16] 

1.2.1. Definition of a supramolecular system[17] 

The difference between what is molecular and what supramolecular from a functional 

point of view can be determined from the degree of inter-component electronic 

interactions.[18] This concept can be illustrated as shown in Figure 1.4.  

A – B represents a system of two units where “-“ illustrates any type of bond that 

maintain the units together. This system can be affected by several stimuli, such as a 

photon, that can determine if it behaves as a supramolecular entity or as a large molecule. 

In the case of a photon stimulus, if light absorption leads to excited states that are localized 

in A or B or causes an energy or electron transfer from A to B, or vice versa, A-B can be 

considered a supramolecular structure.  

In the case of an oxidation or reduction process, a supramolecular entity will undergo 

the oxidation or reduction of the specific units while these processes in a large molecule 

normally require that the hole or the electron are delocalized over the entire system. 

In a general way, when the interaction energy between units is small compared to the 

other relevant energy parameters, the system can be considered as a supramolecular 

species, regardless of the nature of the bonds that link the units. The properties of each 

component of a supramolecular species can be known from the study of the isolated 

components or of suitable model compounds.  
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Figure 1.4. Schematic representation of the difference between a supramolecular system and a large 

molecule based on the effects caused by a photon or an electron input. Reproduced with permission 

of © 2020 Springer Nature Switzerland AG.[17] 

1.2.2. Photoinduced energy and electron transfer in supramolecular 

systems[17] 

If we consider an A-L-B type supramolecular system, where A is the light-absorbing 

molecular unit, B is the other molecular unit involved with A in the light induced 

processes and L is the connecting unit (bridge). In this type of system, electron and energy 

transfer can be described as follows:  

A – L – B + hν → *A – L – B Photoexcitation  (1.10) 

*A – L – B → A+ – L – B- Oxidative Electron Transfer  (1.11) 

*A – L – B → A- – L – B+ Reductive Electron Transfer  (1.12) 

*A – L – B → A – L – *B Electronic Energy Transfer  (1.13) 

Without chemical modifications, photoinduced electron transfer processes are 

followed by spontaneous back-electron transfer reactions that regenerate the starting 

ground state system. Similarly, photoinduced energy transfer is followed by radiative 

and/or non-radiative deactivation of the excited acceptor.  

A+ – L – B- → A – L – B Back Oxidative Electron Transfer  (1.14) 

A- – L – B+ → A – L – B Back Reductive Electron Transfer  (1.15) 

A – L – *B → A – L – B Excited State decay  (1.16) 
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1.2.3. Electron transfer processes[17] 

Electron transfer processes involving excited states as well as those involving ground 

state molecules, kinetically, can be dealt within the frame of the Marcus Theory[19] and 

more novel models.[20] 

Marcus Theory 

The potential energy curves of an electron transfer reaction for the initial (i) and final 

(f) states of the system are represented by parabolic functions (Figure 1.5). The rate 

constant for an electron transfer reaction can be expressed as in (1.17): 

𝑘𝑒𝑙 =  𝜈𝑛𝜅𝑒𝑙exp (
−∆𝐺≠

𝑅𝑇
) 

(1.17) 

where νn is the average nuclear frequency factor, κel is the electronic transmission 

coefficient, and ΔG≠ is the free activation energy. This last term can be expressed by the 

Marcus quadratic relationship (1.18): 

∆𝐺≠ =  
1

4𝜆
 (∆𝐺0 + 𝜆)2 

(1.18) 

where ΔG0 is the standard free energy change of the reaction and λ is the reorganization 

energy (Figure 1.5). 

 

Figure 1.5. Profile of the potential energy curves of an electron transfer reaction: i and f  indicate the 

initial and final states of the system. The dashed curve indicates the final state for a self-exchange 

(isoergonic) process. Reproduced with permission of © 2020 Springer Nature Switzerland AG.[17]  

Equations (1.17) and (1.18) predict that for a homogeneous series of reactions a ln kel 

versus ΔG0 plot is a bell-shaped curve (Figure 1.6, solid line) involving: 

- a normal regime for small driving forces (- λ < ΔG0 < 0) in which the process is 

thermally activated and ln kel increases with increasing driving force 
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- an activationless regime (- λ ≈ ΔG0) in which a change in the driving force does 

not cause large changes in the reaction rate 

- an “inverted” regime for strongly exergonic processes (- λ > ΔG0) in which ln kel 

decreases with increasing driving force.[18]  

The reorganizational energy λ can be expressed as the sum of two independent 

contributions corresponding to the reorganization of the “inner” (i, bond lengths and 

angles within the two reaction partners) and “outer” (o solvent reorientation around the 

reacting pair) nuclear modes (1.19): 

𝜆 =  𝜆𝑖 +  𝜆𝑜 
(1.19) 

 

Figure 1.6. Free energy dependence of electron transfer rate (i, initial state; f, final state) according to 

Marcus (a) and quantum mechanical (b) treatments. The three kinetic regimes (normal, activationless, and 

“inverted”) are shown schematically in terms of Marcus parabola). Reproduced with permission of © 

2020 Springer Nature Switzerland AG.[17] 

The outer-sphere reorganizational energy, which is often the predominant term in 

electron transfer processes, can be estimated, to a first approximation, by the expression 

(1.20): 

𝜆𝑜 = 𝑒2(
1

𝜀𝑜𝑝
−

1

𝜀𝑠
)(

1

2𝑟𝐴
+

1

2𝑟𝐵
−

1

𝑟𝐴𝐵
) (1.20) 

where e is the electronic charge, εop and εs are the optical and static dielectric constants of 

the solvent, rA and rB are the radii of A and B and rAB is the inter reactant center-to-center 

distance. Equation (1.20) shows that λ0 is large for reactions in polar solvents between 

reaction partners which are separated by a large distance.  

Quantum Mechanical Theory 

The   photoinduced   and   back-electron   transfer   processes   can  be  considered  as 
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radiationless transitions between different weakly interacting electronic states of the 

supramolecule A-L-B, from a quantum mechanical viewpoint. The rate constant is given 

by Fermi “golden rule” (1.21): 

𝑘𝑒𝑙 =  
4𝜋2

ℎ
(𝐻𝑒𝑙)2𝐹𝐶𝑒𝑙 (1.21) 

where the electronic Hel and nuclear FCel factors are the electronic coupling term and the 

Franck-Condon density of states, respectively. In the absence of any intervening medium 

(through-space mechanism), the electronic factor decreases exponentially with increasing 

distance (1.22): 

𝐻𝑒𝑙 = 𝐻𝑒𝑙(0) exp[−
𝛽𝑒𝑙

2
 (𝑟𝐴𝐵 − 𝑟0)] (1.22) 

where rAB is the donor-acceptor distance, Hel(0) is the interaction at the “contact” distance 

r0, and βel is an appropriate attenuation parameter. The 1/2  factor arises because originally 

βel was defined as the exponential attenuation parameter for rate constant rather than for 

electronic coupling (1.23): 

𝑘𝑒𝑙 ∝ exp (−𝛽𝑒𝑙𝑟𝐴𝐵) (1.23) 

For donor-acceptor components separated by vacuum, βel is estimated to be in the 

range 2-5 Å-1. 

The FCel term of equation (1.24) is a thermally average Franck-Condon factor 

connecting the initial and final states. It contains a sum of overlap integrals between the 

nuclear wave function of initial and final states of the same energy. The general 

expression of FCel is complex and an approximation can be made when the temperature 

limit (hν < kBT) is reached, this is valid for many room temperature processes. If we apply 

it, the nuclear factor takes the simple form: 

𝐹𝐶𝑒𝑙 = (
1

4𝜋𝜆𝑘𝐵𝑇
)1/2exp [−

(Δ𝐺0 + λ)2

4𝜋𝜆𝑘𝐵𝑇
] (1.24) 

where λ is the sum of the inner (λi) and outer (λ0) reorganizational energies. The 

exponential term of (1.24) is the same as the predicted by the classical Marcus model 

based on parabolic energy curves for the initial and final states. The quantum mechanical 

model contains the important prediction of three distinct kinetic regimes, depending on 

the driving force of the electron transfer process. The quantum mechanical model, 

however, predicts a practically linear decrease of ln kel with increasing driving force in 

the inverted region (Figure 1.6, dashed line).  
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1.2.4. Energy transfer processes[17]  

 The thermodynamic ability of an excited state to intervene in energy transfer 

processes is related to its zero-zero spectroscopic energy, E00. From a kinetic point of 

view, bimolecular energy transfer processes involving encounters can formally be treated 

using a Marcus type approach: equation (1.17) and (1.18). With ΔG0 = EA
00 – EB

00 and     

λ ~ λi.
[21] 

The energy transfer process in supramolecular systems can be considered as a 

radiationless transition between two localized, electronic excites states. Hence, the rate 

constant can be obtained by a “golden rule” expression (1.25): 

𝑘𝑒𝑛 =  
4𝜋2

ℎ
(𝐻𝑒𝑛)2𝐹𝐶𝑒𝑛 (1.25) 

where Hen is the electronic coupling between the two excited states inter-converted by the 

energy transfer process and FCen is an appropriate Franck-Condon factor. In quantum 

mechanical terms, the FC factor is a thermally averaged sum of vibrational overlap 

integrals. Experimental information on this term can be obtained from the overlap integral 

between the emission spectrum of the donor and the absorption spectrum of the acceptor.  

The electronic factor Hen is a two-electron matrix element involving the HOMO and 

LUMO of the energy-donor and energy-acceptor components. By following 

arguments,[20] this factor can be split into two additive terms, a coulombic term and an 

exchange term. The two terms depend differently on the parameters of the system (spin 

of ground and excited states, donor-acceptor distance). Because each of them can become 

predominant depending on the specific system and experimental conditions, two different 

mechanisms can occur, whose orbital aspects are schematically represented in Figure 1.7. 

 

Figure 1.7. Pictorial representation of the coulombic and exchange energy transfer mechanisms. 

Reproduced with permission of © 2020 Springer Nature Switzerland AG.[17] 
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Coulombic Mechanism  

The coulombic mechanism, also called Föster-type, is a long-range mechanism that 

does not require physical contact between donor and acceptor. It can be shown that the 

most important term within the coulombic interaction is the dipole-dipole term,[22,23] that 

obeys the same selection rules as the corresponding electric dipole transitions of the two 

partners (*A → A and     B → *B, Figure 1.7).  

Coulombic energy transfer is expected to be efficient in systems in which the radiative 

transitions connecting the ground and the excited state of each partner have high oscillator 

strength. The rate constant for the dipole-dipole coulombic energy transfer can be 

expressed as a function of the spectroscopic and photophysical properties of the two 

molecular components and their distance (1.26) and (1.27): 

𝑘 𝑒𝑛
𝐹 =

9000 ln 10

128𝜋5𝑁

𝐾2𝜙

𝑛4𝑟𝐴𝐵
6 𝜏

 𝐽𝐹 = 8.8 𝑥 10−25
𝐾2𝜙

𝑛4𝑟𝐴𝐵
6 𝜏

 𝐽𝐹 (1.26) 

𝐽𝐹 =
∫

𝐹(�̅�)𝜀(�̅�)
�̅�4 𝑑�̅�

∫ 𝐹(�̅�) 𝑑�̅�
 (1.27) 

where K is an orientation factor which takes into account the directional nature of the 

dipole-dipole interaction (K2 = 2/3 for random orientation), Φ and τ are, respectively, the 

luminescence quantum yield and lifetime of the donor, n is the solvent refractive index, 

rAB is the distance in Å between donor and acceptor, and JF is the Förster overlap integral 

between the luminescence spectrum of the donor, F(�̅�), and the absorption spectrum of 

the acceptor, ε(�̅�), on an energy scale (cm-1). With good spectral overlap integral and 

appropriate photophysical properties, the 1/𝑟𝐴𝐵
6  distance dependence allows energy 

transfer to occur efficiently over distance that exceeds the molecular diameters. The 

typical example of an efficient coulombic mechanism is that of single-singlet energy 

transfer between large aromatic molecules, a process that takes place in nature in the 

antenna systems of the photosynthetic apparatus. 

Exchange mechanism  

The rate constant for the exchange (also called Dexter-type[24]) mechanism can be 

expressed by (1.28): 

𝑘𝑒𝑛
𝐷 =

4𝜋2

ℎ
(𝐻𝑒𝑛)2𝐽𝐷 (1.28) 

where the electronic term Hen is obtained from the electronic coupling between donor and 

acceptor, exponentially dependent on distance: 
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𝐻𝑒𝑛 = 𝐻𝑒𝑛(0) exp [−
𝛽𝑒𝑛

2
(𝑟𝐴𝐵 − 𝑟0)] (1.29) 

The nuclear factor JD is the Dexter overlap integral between the emission spectrum of 

the donor and the absorption spectrum of the acceptor: 

𝐽𝐷 =
∫ 𝐹(�̅�)𝜀(�̅�)𝑑�̅�

∫ 𝐹(�̅�)𝑑 �̅�  ∫ 𝜀(�̅�)𝑑�̅�
 (1.30) 

The exchange interaction can be regarded (Figure 1.7) as a double electron process, 

one-electron moving from the LUMO of the excited donor to the LUMO of the acceptor, 

and the other from the acceptor HOMO to the donor HOMO. This important insight is 

illustrated in Figure 1.8, from which is clear that the attenuation factor βen for exchange 

energy transfer should be approximately equal to the sum of the attenuation factors of two 

separated electron transfer processes, i.e. βel for electron transfer between the LUMOs of 

the donor and acceptor (1.23), and βht for the electron transfer between the HOMOs 

(superscript ht for hole transfer from the donor to the acceptor). 

 

Figure 1.8. Analysis of the exchange energy transfer mechanism in terms of electron- and hole- 

transfer processes. The relationships between the rate constants and the attenuation factors of the 

three processes are also shown. Reproduced with permission of © 2020 Springer Nature Switzerland 

AG.[17] 

The spin selection rules for this type of mechanism arise from the need to obey spin 

conservation in the reacting pair as a whole. This allows the exchange mechanism to be 

operative in many instances in which the excited states involved are spin forbidden in the 

usual spectroscopic sense. Thus, the typical example of an efficient exchange mechanism 

is that of triplet-triplet energy transfer (1.31): 

*A(T1) – L – B(S0) → A(S0) – L - *B(T1) (1.31) 

Although the exchange mechanism was originally formulated in terms of direct 

overlap between donor and acceptor orbitals, it can be extended to coupling mediated by 

an intervening medium (bridge).  
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1.2.5. The role of the bridge in supramolecular systems[17] 

The connecting units (bridges) play an important role in mediation of electron- and 

energy transfer processes between donor and acceptor components in supramolecular 

structures.[18] Bridges can be “molecular wires” with “conducting properties”. In the 

superexchange mechanism, the bridge levels are always higher in energy than those of 

donor and acceptor and the electron exchange in this case is mediated by the connecting 

bridge via an electron tunneling process (Figure 1.9).[25] Sometimes, the energy level of 

the bridge is so low that it becomes intermediate between the initial and final states. As a 

result, electron or energy hopping occurs and the bridge is directly involved in the 

process. 

 

Figure 1.9. State diagram illustrating superexchange interaction between an excited state electron 

donor (*A) and an electron acceptor (B) through a bridge (L). Reproduced with permission of © 

2020 Springer Nature Switzerland AG.[17] 

When such a hopping-type mechanism is operative, very small distance dependence 

of the rate constant is expected.[18] If there is complete mixing among the 

donor/bridge/acceptor orbitals (large coupling limit) the bridge acts as an incoherent 

molecular wire and the system is expected to behave according to an ohmic regime where 

the rate varies inversely with bridge length.  
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1.3. Porphyrin derivatives  

Porphyrins are aromatic macrocycles constituted by four pyrrole units connected 

through methine bridges. Their derivatives are dyes that abound in nature, integrated in 

biosystems where they take crucial roles for life in earth.[26] The photosynthetic antenna 

complex, that performs the light harvesting process, fundamental for our life on earth, is 

composed of porphyrin-derivative-associated protein arrays.[27,28] Several enzymes 

include porphyrin derivatives as prosthetic groups that constitute the catalytic center of 

the enzymatic reaction. For instance, an iron porphyrin derivative, hematoporphyrin, is 

part of the hemoglobin protein which reversibly binds oxygen molecules and allow their 

delivery into the tissues.[29] 

The important roles that porphyrins play in nature comes from their functional 

versatility. Their expanded π-aromatic core enables light absorption in the visible region. 

Besides, they can act as host compounds that can form coordination complexes with 

various metal ions enabling new functionalities such as redox properties.[30–33] In addition, 

if the porphyrin core is metalated, it can coordinate ligands, which makes porphyrins ideal 

building blocks for supramolecular chemistry,[34,35] thanks also to their flat and symmetric 

molecular architectures.[36–39] 

Taking into account all of these features, porphyrins can be useful in a number of 

applications, such as components of synthetic receptors, chromophores involved in the 

light harvesting process, units forming supramolecular assemblies or having biological 

activity.[26] 

Regarding the optical properties of porphyrins, their intensity of absorption and color 

come from their conjugated π-electronic system that yields their characteristic UV-visible 

spectrum that is formed by two regions, one in the near ultraviolet and the other in the 

visible spectrum. The substituents that decorate these structures or their metalation can 

modify their UV/Vis absorption properties. The absorption bands in porphyrinic systems 

are due to transitions between two HOMOs and two LUMOs, hence, the metalation of 

the ring or the substituents affect the relative energies of these transitions. The HOMOs 

correspond to a1u and a2u orbitals, whereas the LUMOs are a degenerate set of eg orbitals. 

Two states are split by orbital mixing, yielding a higher energy state with high oscillator 

strength that originates the Soret band, and a lower energy state with reduced oscillator 

strength that gives origin to the Q-bands.  
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The electronic absorption spectrum of a typical porphyrin is thus divided in two 

regions. The first one, provoked by the transition from the ground state to the second 

excited state (S0 → S2), is characterized by a band called the Soret band. The range is 

comprised between 380-500 nm, depending on the type of substitution of the porphyrin 

(β or meso). The second region consists in a weak transition to the first excited state         

(S0 → S1) in the range 500-750 nm (the Q-bands). These features are possible thanks to 

the conjugation of 18 π- electrons and enable the monitoring of guest-binding process by 

UV-visible spectroscopic methods.  

The peripheral substituents of the porphyrin ring can vary in a minor way the intensity 

and wavelength of the absorption features, but the protonation of two of the inner nitrogen 

atoms or the insertion and/or change of metal atoms into the macrocycle normally change 

drastically the visible absorption spectrum. When it is the case, the protonated or 

metalated porphyrin adopts a more symmetrical situation than the free base which 

produces a simplification of the Q bands pattern with the formation of two Q bands.[40]  
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1.4. Porphyrins’ applications 

1.4.1. Host-guest systems for molecular recognition 

Host-guest systems are of great interest in supramolecular chemistry. If we take a look 

into nature, chemical reactions in biosystems such as enzymes only occur when the 

substrates bind selectively to the molecular recognition sites. This kind of recognition 

process can be artificially mimed through the use of several building blocks such as 

calix[4]arenes[41] or crown ethers.[42] Porphyrins can be included in these types of 

receptors since they can yield coordination complexes with almost any metal ion and their 

aromatic skeleton induce the metal ions to adopt square planar coordination geometries 

that can be further stabilized by the axial coordination of ligands. Hence, porphyrin 

complexes can provide a stabilized building block for the construction of supramolecular 

receptors.[35] Moreover, the axial coordination of ligands varies the absorption properties 

of the porphyrins providing an easy way to follow the formation of the complex.[43] 

In this context, Jang et al. have reported several examples of porphyrin-based 

receptors. In one example, a picket-fence-type triazole-bearing zinc porphyrin could 

strongly coordinate several anionic species through C-H hydrogen bonding and 

coordination interactions. The different affinities could be elucidated thanks to the 

variation in absorption spectra due to the mentioned axial coordination (Figure 1.10).[44]  

 

 

Figure 1.10. Structure of picket-fence-type triazole bearing zinc porphyrin and changes in absorption 

due to the coordination of anionic species. Reproduced with permission of © 1999-2921. John Wiley & 

Sons, Inc.[44]  

The same group also reported a tweezer receptor for the DABCO molecule that could 

be linked thanks to an allosteric effect. It is composed of by two zinc porphyrins linked 

by a bis-indole spacer which has the capacity to link anions, such as chloride, to force a 

cis conformation by establishing bond interactions with the NHs of the indole and the 

CHs form the meso-phenyl substituents of the porphyrin units. The cis conformation 

induces a co-facial orientation of the two porphyrins, and this new orientation can link a 
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ditopic ligand such as DABCO (Figure 1.11).[45] In this example, we can appreciate how 

external stimuli can govern the receptor properties of supramolecular entities that have 

the capacity to act as guests. 

 

Figure 1.11. Allosteric bis-porphyrin receptor triggered by Cl- for the DABCO molecule. 

Reproduced with permission of © 2013 Elsevier B.V.[45,46] 

1.4.2. Light harvesting processes 

Nature transforms light through photosynthesis to obtain the chemical energy required 

to maintain cell cycles. The photosynthesis process starts in the light-harvesting 

complexes located in chloroplasts in plant cells. These complexes contain porphyrin-

based multichromophore arrays that efficiently absorb photons, perform vectorial energy 

transfer, charge separation and electron transfer.[47,48] These systems are highly attractive 

since their mimicry of natural systems can lead to efficiently capture light and its 

transformation into clean energy for industrial and human consumption in an eco-friendly 

manner. Some relevant examples are reported below. 

Hunter et al. reported the self-assembly of a free-base porphyrin decorated with four 

pyridyl groups with two bis-zinc porphyrins, that coordinate through the bonding of the 

pyridine dicarboxylic amide groups with the Zn-metal centers. When the Zn-porphyrins 

were selectively excited, the free-base porphyrin emitted fluorescence. The rate of energy 

transfer, kENT, was 2·109 s-1 and an efficiency of 73% for the process was found (Figure 

1.12).[49] 



Chapter 1 

26 

 

 

Figure 1.12. Energy transfer process in the self-assembly reported by Hunter et al. Reproduced with 

permission of © 1999-2921. John Wiley & Sons, Inc.[49] 

Liu et al. synthesized a wirelike host-guest system formed by BODIPY (4,4-difluoro-

4-bora-3a,4a-diaza-s-indacene) units that link two permethyl-β-cyclodextrins acting as 

host for a phenylsulfonated free-base porphyrin. Several energy transfer processes 

occurred in the complex with a high efficiency of 94%. This high yield can be explained 

by the perfect matching of the spectra between the BODIPY donor and porphyrin 

acceptor, the ideal separation between the two units mediated by the cyclodextrins, and 

the fact that the cyclodextrins hamper the π-π stacking of the donor-acceptor 

chromophores, hence, preventing charge-transfer reactions to occur. In addition, the wire-

like system favored the energy transfer rather than the 1:1 complex (Figure 1.13). This 

example shows a non-covalent nanoarchitecture with highly effectiveness for light-

harvesting applications.[50]  

 

Figure 1.13. Fluorescence resonance energy transfer (FRET) in BODIPY-cyclodextrin conjugate and 

porphyrin host-guest system, both in 2:1 and 1:1 ratio. Reproduced with permission of © 2021 American 

Chemical Society.[50] 
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Jang et al prepared a porphyrin dendrimer (Figure 1.14) constituted by eight zinc 

porphyrin wings connected to a central free-base porphyrin that act as light energy 

collector. The excitation energy of the zinc porphyrin was successfully conveyed to the 

free-base porphyrin with a 94% excitation energy transfer efficiency.[51,52] 

 

Figure 1.14. Porphyrin dendrimer employed in light harvesting by Jang et al. Reproduced with 

permission of © 1999-2921. John Wiley & Sons, Inc.[51] 

1.4.3. Photovoltaics 

Solar energy is a highly attractive renewable energy source due to its infinite supply, 

the light-to-current transformation can be carried out by a photovoltaic device.[53] The 

typical devices to transform this energy into electricity are based on silicon 

semiconductors that have high production costs and low flexibility.[54,55] Then, a new 

generation of solar cells have been developed capable of providing high energy 

conversion efficiency, ease of production and eco-friendly properties. In these new solar 

cells we can find DSSCs (dye-sensitized solar cells) and BHJ OSCs (bulk heterojunction 

organic solar cells).[33] Porphyrins, due to their photophysical and electrochemical 

properties, have been explored for their use in photovoltaics systems. [56,57] Below are two 

examples on this topic.  

Zhu et al. prepared an acceptor-π-porphyrin-π-acceptor system with 2,5-

dihexylthiophenylene π-linkage (Figure 1.15) that had the ability to undergo 

supramolecular self-assembly to form J-aggregates in the acceptor composite film of an 

Organic Solar cell. This assembly afforded a photovoltaic performance with high power 

conversion efficiency of 8.04%.[58]  
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Figure 1.15. Acceptor-π-porphyrin-π-acceptor system synthesized by Zhu et al. Reproduced with 

permission of © The Royal Society of Chemistry 2018.[58] 

Fukuzumi et al. synthesized clusters of porphyrin dendrimers (Figure 1.16) that acted 

as donors and fullerenes acting as acceptors assembled on SnO2 electrodes. The resulting 

nanoclusters absorbed light over the entire spectrum of visible light. The photovoltaic 

system had high charge-separation efficiency between porphyrin radical cation and 

fullerene radical anion as well as the efficient hole and electron transport.[59]  

 

Figure 1.16. One example from Fukuzumi et al. on the preparation of porphyrin dendrimers for 

photovoltaic applications. Reproduced with permission of © 2021 American Chemical Society.[59] 

1.4.4. Biomedical applications 

Photodynamic therapy (PDT) is a promising cancer treatment due to its 

spatiotemporal specific controllability, non-invasiveness and high anticancer 

performance.[60,61] PDT involves the employment of oxygen, light and photosensitizers 

(PSs) that are activated by specific light at a suitable wavelength[62] and can generate 

cytotoxic reactive oxygen species (ROS) such as singlet oxygen or superoxide radicals 

that will cause tumor death.[63,64] In order to treat the tumors with this technique, the PS 

has to be accumulated in the tissue. Porphyrins have been used as conventional PSs, but 

they easily aggregate in aqueous media thanks to their π-π interactions and hydrophobic 

nature resulting in the self-quenching of the involved the excited states.[26] Therefore, 

some modifications must be made to avoid these problems, here some examples are 

presented: 
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Král et al. reported several multifunctional porphyrin building blocks linked with 

cyclodextrins that could offer two mechanisms for combined cancer treatment: drug 

delivery and PDT. The strategy used was to take advantage of the capability of 

cyclodextrins to encapsulate cytostatic agents such as doxorubicin and the ability of the 

porphyrins to act as photosensitizers (Figure 1.17).[65]  

 

Figure 1.17. Combined chemotherapy and photodynamic therapy by cyclodextrin-porphyrin 

conjugate reported by Král et al. Reproduced with permission of © 1996-2021 MDPI.[66] 

Kataoka et al. synthesized a dendrimer porphyrin where large poly(benzylether) 

dendrons were decorating a central porphyrin (Figure 1.18). The charged peripheral 

carboxylate groups made the system highly soluble in aqueous media. Besides, these 

peripheral groups could form micelles through electrostatic interactions that showed an 

excellent photodynamic efficacy in several models of animal diseases.[67]  

 

Figure 1.18. Dendrimer porphyrin employed in PDT by Jang et al. Reproduced with permission of © 

2021 American Chemical Society.[67]  
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1.5. Conclusions 

In summary, this brief review on the different applications of porphyrins in 

supramolecular chemistry aims to highlight their relevant role. Their suitability to be 

employed as building blocks in the construction of larger systems due to their aromaticity 

and geometry together with their ease to be decorated with different moieties that 

modulate their physico-chemical properties make porphyrins essential in the 

understanding and development of future supramolecular entities valid for a wide range 

of applications. 
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Chapter 2: Photophysical Properties of four Porphyrinic Covalently linked 

Cages equipped with different flexible linkers 

2.1.  Introduction 

2.1.1. Porphyrinic Cages 

The design of molecular cages as functional systems has received great interest in 

nanochemistry due to their capacity to work as nanoreactors, molecular recognition 

systems or drug carries, as they provide a three-dimensional confined environment that 

enhances molecular reactivity and catalysis.[16,68,69]  

Among all the possibilities in the design of molecular cages, porphyrin derivatives 

and their metallated forms have caught the attention of many researchers since they are 

used in the mimicry of natural processes for light harvesting, electron and energy transfer 

reactions, catalysis, or as oxygen transporter as explained in Chapter 1. Besides, their 

stable aromatic core can be functionalized on meso or pyrrolic β positions and the inserted 

metal can modify their chemical, electronic and photophysical properties.[68] 

Porphyrins have been used in lots of different molecular architectures for a variety of 

applications such as artificial photosynthesis,[70–91] catalysis,[92–102] therapy,[103–106] and 

surface engineering.[107–115] The inclusion of a porphyrin component in molecular cages 

that function as host systems provides several attractive opportunities: as a large structural 

element that delineates the molecular cavity; as an active component, since its large π-

delocalized core can stabilize π-conjugated guest molecules inside the cavity, while its 

metallated form can coordinate various ligands within the cage; as a redox and 

photoactive component, it can participate directly into the reactivity performed inside the 

structure.[68]  

The resemblance of porphyrins to natural chromophores[68,72,73,77,80,88,91,116–126] 

explains why they are used in artificial photosynthesis. The conversion of light into 

chemical energy that happens in this natural crucial process relies on efficient multistep 

energy transfer processes between natural chromophores closely related to porphyrins 

(chlorophyll or bacteriochlorophyll molecules) organized in antennas than convey the 

energy towards the reaction center where the first electron transfer step towards a free-

base porphyrin analogous occurs.[28,127–133] The efficiency of this process is conditioned 

by the distance and mutual arrangement of these chromophores. Hence, light-responsive 
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cages are highly attractive due to their ability to perform and control energy transfer 

processes with the aim to mimic the natural process described.[72,121,124,134] 

Several porphyrinic host-guest systems have been investigated by our group in the 

past years. As an example, in collaboration with Prof. Ballester and Prof. Hunter, it was 

reported the self-assembly of a cage based on trimeric Zn-porphyrin platforms by their 

coordination to bispyridyl functionalized perylene bisimide units that act as pillars 

through the coordination to Zn(II) ions fixing the planes of the porphyrins in a nearly co-

facial orientation (prism-like structure). The fully assembled aggregate 

(2·porphyrin/3·ligands) and the partial one (2·porphyrins/2·ligands) were found to be in 

equilibrium in solution. The strong quenching observed in the mixture for the 

luminescence of both the ligands and the porphyrins was ascribed to an efficient 

photoinduced electron transfer from the Zn-porphyrins to the coordinated bisimides 

taking place upon excitation for both components within the assemblies.[135] 

In the frame of the collaboration with Ballester’s group, the study of two complexes 

formed by two cyclic Zn-bisporphyrins, differing in the saturation degree of the 

hydrocarbon linkers that connect their porphyrin units, and the fullerenes C60 and C70 was 

carried out (Figure 2.1). Absorption and fluorescence titration experiments revealed the 

formation of inclusion complexes stabilized by π-π interactions between the cyclic 

bisporphyrins and the fullerenes. Upon complexation, the cyclic bisporphyrins adopted 

distinct conformations. Charge-transfer absorption bands were observed, pointing to 

ground-state interactions, and quenching of the porphyrin component luminescence 

indicated fast reactivity in the excited states. Energy transfer and HOMO-HOMO and 

LUMO-LUMO electron transfer processes took place within the complexes. Charge-

separated states characterized by a reduced fullerene and an oxidized porphyrin radical, 

with lifetimes in the order of several hundred picoseconds, were detected.[122] 

 

Figure 2.1. Bisporphyrin cages and energy level diagram for a generic supramolecular inclusion 

complex cage-fullerene. Reproduced with permission of ©1999-2021 John Wiley & Sons, Inc.[122] 
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In collaboration with the group of Prof. Heitz, several examples were reported 

regarding self-assembled and covalently linked porphyrinic systems.  

The self-assembly of a gable-like Zn-bisporphyrin with a free-base porphyrin 

functionalized with pyridyl groups, that can coordinate to the Zn ions, was reported 

(Figure 2.2). The assembly displayed unusual photoinduced processes. Energy transfer 

occurred from the Zn-bisporphryin towards the pyridyl free-base porphyrin, but its 

fluorescence was quenched instead of enhanced. This was ascribed to a competing 

process depleting the excited state or to a perturbation of the tetrapyridil porphyrin 

engaged in the assembly. The formation of Zn-pyridine coordination bonds proved to be 

an efficient tool in the construction of large multicomponent assemblies.[136] 

 

Figure 2.2. Visual representation of the self-assembly of a gable-like Zn-bisporphyrin with a free-

base porphyrin decorated with four pyridyl groups. Reproduced with permission of © 2021 American 

Chemical Society.[136] 

With further analysis on the assembly described in the previous paragraph, it was 

concluded that a HOMO-HOMO electron transfer process occurs from the zinc porphyrin 

towards the free-base upon excitation of the latter within the complex. Excitation of the 

Zn-porphyrin led predominantly to energy transfer to the free-base component, but also, 

parallel and less efficient LUMO-LUMO electron transfer. The unusual electron-transfer 

in this systems is possible by the easier oxidation of the Zn-porphyrin when coordinated 

with pyridyl residues and the more facile reduction of the tetrapyridyl free-base porphyrin 

with respect to the tetraaryl or dipyridyl homologue.[137]  

In another study,[123] the formation of two coordination cages was achieved through 

the coordination of Ag(I) ions to the pyridyl moieties that decorate either two free-base 

or Zn-metallated porphyrins (Figure 2.3). It was concluded that the formation of the cages 

depends strongly on the stoichiometry between the porphyrins and the silver ions, through 

spectral changes observed by absorption and emission spectroscopy. The addition of two 

equivalents of silver(I) with respect to the porphyrin led to the formation of the cages 

whereas an excess of it, provoked side reactions that depended specifically on the nature 

of the porphyrin (free-base or Zn-metallated porphyrin). The free-base porphyrin 

underwent a metalation reaction, forming an [Ag(I)2·porphyrin] complex, while the Zn-



Chapter 2 

34 

 

metallated one experienced an oxidation process with the formation of a stable radical 

cation. These processes also took place in the reference compounds, porphyrins without 

pyridyl groups but containing triflate and methoxy groups. The common moieties among 

the cages and the references compounds where the meso-ortho-dimethylphenyl 

substituents, which should be responsible of such side reactions.[138]  

 

Figure 2.3. Chemical structure of the coordination cages based on 3-pyridyl appended porphyrins 

and Ag(I) ions (left) and absorption spectral changes of a solution of 2H-TPyP upon addition of excess of 

silver(I) (right). Reproduced with permission of © Royal Society of Chemistry 2021.[138]  

Advancing in the study of the relationship between porphyrins and Ag(I) ions, Prof. 

Heitz’s group synthesized two flexible covalent cages consisting of two Zn(II)-metallated 

porphyrins connected by linkers of different lengths incorporating two 1,2,3-triazolyl 

ligands,[139] with the objective to function as allosteric receptors. The reversible 

coordination/decoordination of Ag(I) triggers a large conformational change that opens 

the cavity and activates the receptor that can thus host two different guests: a pyrazine 

ligand and a π-acceptor NDI molecule (Figure 2.4). This work achieved the reversible 

on/off control of a guest inside the structure, which constitutes the basis to develop highly 

selective molecular sensors upon addition of a suitable effector.[140]  

 

Figure 2.4. Schematic representation of the allosteric control of guest binding in flexible molecular 

cage receptors. Reproduced with permission of © 1999-2021 John Wiley & Sons, Inc.[140]  
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A  spectroscopic and computational study of the Ag (I) complexation of the two 

covalent cages presented in the previous paragraph[140] was performed. The complexation 

process was followed by absorption and emission spectroscopy and a computational MD-

PMM (Molecular Dynamics-Perturbed Matrix Method) analysis allowed to reproduce the 

features of the experimental Soret bands and to characterize the molecular interactions 

responsible for the changes in the absorption spectra. Upon Ag(I) complexation, it was 

observed that the spectral features and the intensity of the Soret band of both cages 

converged to those of the monomeric reference due to a reduction in the exciton coupling 

between the units. The reason is that the binding of Ag(I) ions opens the flattened 

structures and locks the two porphyrins in a face-to-face disposition (Figure 2.5).[141]  

 

Figure 2.5. Representation of the opening process of bis-Zn-porphyrinic cages upon addition of 

Ag(I) (left). Experimental absorption titrations of the cages with Ag(I) and the computational modelling 

of the Soret band changes (right). Reproduced with permission of © 2021 American Chemical 

Society.[141]  

In this chapter we report on the photophysical properties of four bis-porphyrinic cages 

constituted by either two free-base porphyrins or one Zn(II) porphyrin and one free-base 

porphyrin, connected by four flexible connectors that incorporate two 1,2,3-triazole 

ligands linked with either an ethyleneglycol unit or a diethyleneglycol unit. The 

ethyleneglycol units confer different lengths to the connectors, leading to different 

possible conformations of the systems. Hence, the four cages are different in terms of 

composition and lengths of the linkers. The study of the photophysical properties of these 

porphyrin cages is of importance regarding their potential as optical sensors or hosts for 

guest inclusion, as reported for similar systems.[135,142] 

The photophysical investigation has been carried out by means of steady-state and 

time-resolved absorption and emission spectroscopies and the photoinduced processes 
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occurring within the porphyrin components were explained in relation to the porphyrin 

nature and the structural differences between the systems.  

The study reported in this chapter was published in 2019: “Photophysical properties 

of porphyrinic covalent cages endowed with different linkers”, D. Sánchez-Resa, L. 

Schoepff, R. Djemili, S. Durot, V. Heitz, B. Ventura, Journal of Porphyrins and 

Phthalocyanines, 2019, 23, 842-840.[142] 

All the figures displayed in this chapter are reproduced with permission of © World 

Scientific Publishing Co Pte Ltd. 
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2.2. Results and discussion 

The four porphyrinic cages are described as follows: two of them are composed by 

two free-base porphyrins and connected with either and ethylenglycol unit (Short: S) or 

diethyleneglycol unit (Long: L), these are named as 2H-S-2H and 2H-L-2H; the other 

two are composed by one Zn(II) porphyrin and one free-base porphyrin and the same 

connectors mentioned before, these are referred as Zn-S-2H and Zn-L-2H (Figure 2.6).  

2.2.1. Synthesis 

The synthesis of the cages has been carried out by Prof. Heitz’s group.* The synthesis 

of the analogous cages formed by two free-base or two Zn(II) porphyrins connected with 

short linkers[139] and with long linkers[143] has been reported previously as well as that of 

the model compounds 2H-alkyne and Zn-alkyne (Figure 2.6).[141] 

Zn(II)-monometallated cages, Zn-S-2H and Zn-L-2H, were prepared from cages 

incorporating two free-base porphyrins following the procedure shown in Figure 2.6. 

They were reacted with 1.1 equivalents of Zn(OAc)2·2H2O in a mixture of CHCl3/MeOH 

or CH2Cl2/MeOH.[139,143] From the mixture of the cages (Zn(II)-monometallated cages, 

Zn(II) dimetallated cage and bis(free-base porphyrin cage) obtained, the Zn(II) 

monometallated cages were isolated in 31% and 26% yield respectively, by preparative 

silica thin layer chromatography. 

 

Figure 2.6. Synthesis of Zn(II)-monometallated porphyrin cages Zn-S-2H and Zn-L-2H from the 

parent free-base porphyrin cages 2H-S-2H and 2H-L-2H and structure of the models (2H-alkyne, Zn-

alkyne).[142] 
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2.2.2. Photophysical Characterization 

The photophysical features of the four cages and the models (2H-alkyne, Zn-alkyne), 

studied for comparison purposes, were analyzed in CH2Cl2/MeOH (9:1).  

Absorption properties: 

The cages formed by two free-base porphyrins, 2H-S-2H and 2H-L-2H, present 

similar absorption spectra, where the Soret band is slightly split and broadened compared 

with the sum of two spectra of the monomeric model 2H-alkyne (Figure 2.7 and Figure 

2.8 for the spectrum of the model). This split can be due to exciton coupling within the 

porphyrin units which are placed in close proximity in the cages, also observed before for 

the corresponding bis Zn(II)-porphyrin cages.[141] The different lengths of the linkers 

slightly affect the absorption spectra of the cages, the integrated molar absorption 

coefficients are similar for the two cages (1.18·109 M-1·cm-2 and 1.17·109 M-1·cm-2 for 

2H-S-2H and 2H-L-2H, respectively) and close to twice the integrated absorption 

coefficient of the monomer 2H-alkyne (4.02·108 M-1·cm-2). 

 

Figure 2.7. Absorption spectra of 2H-S-2H (red), 2H-L-2H (blue) and twice the absorption spectrum 

of 2H-alkyne (black dashed) in CH2Cl2/MeOH (9:1). Absorption in the 460-700 nm region is amplified 

by a factor of five.[142] 
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Figure 2.8. Absorption spectra of 2H-alkyne (blue) and Zn-alkyne (red) in CH2Cl2/MeOH (9:1). 

Absorption in the 460-700 nm region is amplified by a factor of five.[142] 

The analogous Zn(II)-monometallated cages, Zn-S-2H and Zn-L-2H, present  

absorption spectra which are shown in Figure 2.9 compared to the sum of the absorption 

spectra of models 2H-alkyne and Zn-alkyne. The Soret bands of the cages evidence 

inter-porphyrinic interactions, with a more pronounced exciton coupling in the cage with 

longer linkers, Zn-L-2H. These features agree with a more slipped displacement of the 

porphyrins in Zn-L-2H with respect to a cofacial disposition favored in the cage with 

shorter and more rigid linkers, Zn-S-2H. These features related to molecular geometry 

were already observed with their analogous compounds, composed by two Zn(II)-

metallated porphyrins.[141] Integrated molar absorption coefficients of 1.32·109 M-1·cm-2 

and 1.29·109 M-1·cm-2 were calculated for Zn-S-2H and Zn-L-2H, respectively, which 

are similar to the sum of the integrated coefficients for 2H-alkyne and Zn-alkyne 

(1.06·109 M-1·cm-2).  

 

Figure 2.9. Absorption spectra of Zn-S-2H (red), Zn-L-2H (blue) and the sum of the absorption 

spectra of 2H-alkyne and Zn-alkyne (black dashed) in CH2Cl2/MeOH (9:1). Absorption in the 460-700 

nm region is amplified by a factor of five.[142] 
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To gain insights about the coupling interactions, the spectra of the monometallated 

cages were compared to the sum of half the spectra of the cages containing two identical 

porphyrins (bis free-base: 2H-S-2H and 2H-L-2H, presented in this chapter and 

dimetallated Zn(II) cages: Zn-S-Zn and Zn-L-Zn, from previous work).[141] Figure 2.10 

shows the comparison for Zn-S-2H and Zn-L-2H with the sum of the respective free-

base and Zn “half cages”. The sum overlaps with a good approximation to the 

experimental spectrum of the monometallated cage in both cases, even in the Soret band 

region which is more affected by interporphyrinic exciton coupling. These data allow us 

to consider that the “homo” cages are better models, from a photophysical point of view, 

for the monometallated cages than the monomeric units 2H-alkyne and Zn-alkyne, due 

to the strong interactions experienced by the porphyrins within these cages.   

a)

 

b)

 

Figure 2.10. Absorption spectra of a) Zn-S-2H (green) and the sum (black dashed) of half the 

spectrum of 2H-S-2H (blue) and half the spectrum of Zn-S-Zn (red); b) Zn-L-2H (green) and the sum 

(black dashed) of half the spectrum of 2H-L-2H (blue) and half the spectrum of Zn-L-Zn (red); in 

CH2Cl2/MeOH (9:1). Absorption in the 460-700 nm region is amplified by a factor of five.[142] 

Luminescence properties: 

Luminescence measurements were carried out both at room temperature in 

CH2Cl2/MeOH (9:1) and at 77 K in a frozen CH2Cl2/MeOH (1:1) matrix. 

Free-base porphyrins cages, 2H-S-2H and 2H-L-2H, display emission features 

resembling those of the respective model 2H-alkyne, with maxima at 652 and 718 nm, 

fluorescence quantum yields close to 0.080 and excited state lifetimes on the order of 9.0 

ns at room temperature (Figure 2.11, Table 2.1), indicating that the conformation of the 

cages does not affect the emission properties of the free-base porphyrin components. On 

the contrary, the selective excitation of the free-base component at 630 nm in the 

monometallated cages Zn-S-2H and Zn-L-2H lead to lower quantum yields of 0.047 and 

0.068 respectively (Table 2.1), which is correlated with reduced lifetimes of 6.7 and 7.6 
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ns, respectively. This indicates that the Zn-porphyrin counterpart present in these cages 

perturbs the emission properties of the free-base component. This can be explained due 

to the close proximity of the Zn-center of the metallated porphyrin to the core of the free-

base partner that can lead to a change in molecular symmetry or to an increased 

intersystem crossing rate in the latter.[141,144,145] 

 

Figure 2.11. Corrected emission spectra at room temperature of 2H-S-2H (red), 2H-L-2H (blue) and 

2H-alkyne (black dashed) in CH2Cl2/MeOH (9:1). The spectral areas are proportional to the emission 

quantum yields. λexc = 550 nm.[142] 

To demonstrate that the quenching observed in the free-base porphyrin within the Zn-

S-2H cage was provoked by proximity of the Zn-porphyrin counterpart in the 

monometallated cages, an equimolecular mixture of the models 2H-alkyne and Zn-

alkyne was analyzed. Figure 2.12 displays absorption and emission spectra of the mixture 

in comparison to the sum of the spectra of the single compounds. The emission spectrum 

of the mixture matches the sum of the spectra of the models (Figure 2.12b), confirming 

that there is no interaction between them in solution.1 Furthermore, the emission of 2H-

alkyne yielded a lifetime of 8.6 ns at 720 nm in the mixture, identical to the one of the 

model alone (Table 2.1). 

 

 
1
 The emission contribution from the model Zn-alkyne in the mixture upon excitation at 630 nm is not 

negligible at the concentration used, which is optimized for the free-base porphyrin excitation.  
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a) 

 

b) 

  

Figure 2.12. a) Absorption spectra of an equimolecular mixture of 2H-alkyne and Zn-alkyne in 

CH2Cl2/MeOH (9:1) (grey, [2H-alkyne] = [Zn-alkyne] = 7.5·10-5 M) and of solutions of the single 

compounds at the same concentration (blue: 2H-alkyne, red: Zn-alkyne). The sum of the spectra of the 

single compounds is reported for comparisons purpose (black dashed). b) Corrected emission spectra 

obtained from the solutions in a) upon excitation at 630 nm (same color code).[142] 

Excitation of both Zn(II)- and free-base porphyrin components led to observation of 

luminescence dominated by the bands of the free-base unit, while the Zn-porphyrin 

emission only appears as a weak band at ca. 608 nm, indicating a strong quenching of the 

Zn-porphyrin component in both cages (Table 2.1, Figure 2.13). To assess the extent of 

this quenching, the emission of Zn-S-2H and Zn-L-2H has been compared to that of 

optically matched solutions of the model cages with two free-base units or two Zn-

porphyrins, and the results are shown in Figure 2.13. The excitation wavelength was 

selected according to the absorption comparison previously described (Figure 2.10), 

pointing to a major excitation of the Zn-porphyrin component in the monometallated 

cages (from 60% to 80% of the absorbed photons). Considering the portion of absorption 

of the Zn-porphyrin unit in each cage in solution and comparing the intensity of the 

residual Zn-porphyrin emission at 608 nm with the intensity at the same wavelength of 

the bis Zn-porphyrin model, it follows that the Zn-porphyrins components are quenched 

by over 90% in Zn-S-2H and Zn-L-2H. This strong quenching can be due to an energy 

transfer process from the Zn-metallated unit to the free-base porphyrin. Indeed, it is 

accompanied by a full recovery of the free-base porphyrin emission (Figure 2.13): the 

bands at 652 and 718 nm recover to ca. 65% and 80% those of the free-base porphyrin 

model for 2H-S-2H and Zn-S-Zn, respectively, mirroring the ratios between the quantum 

yield of the free-base porphyrin unit in the monometallated cages and that of the same 

unit in the models (Table 2.1).  
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Table 2.1. Luminescence data at room temperature and 77 K, in CH2Cl2/MeOH (9:1) and (1:1), 

respectively.[142] 

  RT 77 K  

  λmax/nma ϕfl
b τ/nsc λmax/nma τ/nsc E/eV 

2H-alkyne 12H 652, 718 0.083 8.5 648, 716 11.4 1.91 

Zn-alkyne f 1Zn 606, 658 0.040 1.7 599, 656 2.1 2.07 

 3Zn    782 19.2·106 1.59 

2H-S-2H 12H-2H 654, 720 0.078 9.0 648, 716 12.8 1.91 

2H-L-2H 12H-2H 652, 719 0.082 9.0 647, 715 11.5 1.92 

Zn-S-2H Zn-12H 652, 717 0.047d 6.7 645, 713 11.5 1.92 

 1Zn-2H 606, — — 0.010e 601, — — 2.06 

 3Zn-2H    788 15.0·106 1.57 

Zn-L-2H Zn-12H 652, 718 0.068d 7.6 644, 712 11.2 1.93 

 1Zn-2H 608, — — 0.007e 602, — — 2.06 

 3Zn-2H    787 17.9·106 1.58 

aFrom corrected emission spectra. bFluorescence quantum yields, measured with reference to TPP 

(meso-tetraphenylpophyrin) in aerated toluene as a standard. cFluorescence and phosphorescence 

lifetimes, excitation at 465 nm and 420 nm, respectively. dUpon selective excitation of the free-

base component at 630 nm. eFluorescence lifetimes measured with a streak camera apparatus (time 

resolution: 1 ps), excitation at 560 nm. f From reference[141].   

 

a) 

  

b) 

  

Figure 2.13. Corrected emission spectra at room temperature of iso-absorbing solutions of (a) Zn-S-

2H (red) and models 2H-S-2H (blue) and Zn-S-Zn (black), excitation at 557 nm (80% of the photons 

absorbed by the Zn unit in Zn-S-2H), A557 = 0.067; (b) Zn-L-2H (red) and models 2H-L-2H (blue) and 

Zn-L-Zn (black), excitation at 537 nm (60% of the photons absorbed by the Zn unit in Zn-L-2H), A537 = 

0.046; in CH2Cl2/MeOH (9:1).[142] 

Another evidence of an almost complete Zn→2H energy transfer process comes from 

the good superimposition of excitation spectra, collected for both Zn-S-2H and Zn-L-2H 
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at 720 nm where only the free-base porphyrin unit emits, and absorption spectra (Figure 

2.14d and e), indicating that whatever is the excited unit, the energy is conveyed to the 

lowest singlet excited state of the free-base porphyrin component.  

a)  

 

 

b) 

  

c) 

  

d) 

  

e)  

 

Figure 2.14. Corrected excitation spectra collected at 720 nm (orange) and arbitrary scaled 

absorption spectra (black) of a) 2H-alkyne, b) 2H-S-2H, c) 2H-L-2H, d) Zn-S-2H and e) Zn-L-2H in 

CH2Cl2/MeOH (9:1). The good superimposition of excitation and absorption spectra confirm the 

genuineness of the emission and, in the monometallated cages, the high efficiency of the energy transfer 

process from the Zn-porphyrin unit to the free-base counterpart.[142] 

To exclude the possibility that the energy transfer process is occurring in the 

monomers in solution, an equimolecular mixture of 2H-alkyne and Zn-alkyne (Figure 

2.15a) was excited at 557 nm, producing an emission spectrum perfectly matched with 
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the sum of the spectra of the models (Figure 2.15b), proving that there is no quenching of 

the Zn-porphyrin bands. Besides, 1.7 ns is measured as the fluorescence lifetime for the 

mixture at 610 nm, correspondent to the emission lifetime of Zn-alkyne (Table 2.1). 

a) 

 

b) 

 

Figure 2.15. a) Absorption spectra of an equimolecular mixture of 2H-alkyne and Zn-alkyne in 

CH2Cl2/MeOH (9:1) (grey, [2H-alkyne] = [Zn-alkyne] = 3.0·10-6 M) and of solutions of the single 

compounds at the same concentration (blue: 2H-alkyne, red: Zn-alkyne). The sum of the spectra of the 

single compounds is reported for comparison purposes (black dashed). b) Corrected emission spectra 

obtained from the solutions a) upon excitation at 557 nm (same color code).[142] 

Emission measurements at low temperature (77 K) in CH2Cl2/MeOH (1:1) glassy 

mixture allowed the definition of singlet excited state energy levels for all porphyrin 

components of the four cages and triplet excited state levels for the Zn-porphyrins in the 

monometallic cages, where phosphorescence was observed in gated mode. Luminescence 

spectra are shown in Figure 2.16 and Figure 2.17 and the relevant data are summarized 

in Table 2.1. It can be noticed that, in the monometallated cages, the Zn-porphyrin 

fluorescence is suppressed similarly to the room temperature case (Figure 2.17), 

confirming the high efficiency of the quenching process operative within these cages. 

 

 

Figure 2.16. Normalized corrected emission spectra of 2H-S-2H (cyan), and 2H-L-2H (blue full) 

and 2H-alkyne (blue dashed) in CH2Cl2/MeOH (9:1) glassy matrices at 77 K. λexc = 550 nm.[142] 
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Figure 2.17. Normalized corrected fluorescence and phosphorescence (inset) spectra of Zn-S-2H 

(light green) and Zn-L-2H (olive) in CH2Cl2/MeOH (1:1) glassy matrices at 77 K. Gating parameters; 

delay: 1 ms, gate: 5ms. λexc = 420 nm for phosphorescence spectra.[142] 

Time-resolved luminescence experiments: 

To characterize the photoinduced process occurring in Zn-S-2H and Zn-L-2H, time-

resolved luminescence experiments in the picosecond range were conducted. The 

measurements have been performed upon excitation at 560 nm, where the Zn-porphyrin 

component is excited prevalently, with a 100-fs pulsed laser and acquiring luminescence 

images with a streak camera apparatus (time resolution: 1 ps). Low laser power and fast 

image acquisition in analog integration mode were used (see 2.4. Experimental for 

details) to prevent photo-degradation of the compounds. The images identify the 

existence of a fast process, where a decay in the emission region of the Zn-porphyrin 

(600-620 nm) is accompanied by a rise in the 700-750 nm spectral region, where only 

emission from the free-base component is observable (Figure 2.18 and Figure 2.19). The 

decay of the Zn-porphyrin luminescence can be fitted with a bi-exponential function 

where the main component has a lifetime of 10 ps in Zn-S-2H and 7 ps and Zn-L-2H 

(Figure 2.18). The longer component (accounting for ca. 10% of the decay) can be 

attributed to a tail of the free-base porphyrin emission or a minor presence of a photo-

product. A precise fitting of the rise time of the free-base signal is difficult but is 

compatible with the lifetime of the quenched Zn-porphyrin emission (Figure 2.19), 

confirming the sensitization of the free-base singlet excited state upon energy transfer 

from the Zn-porphyrin component.  

The difference between the quenched lifetimes of the Zn-porphyrin component in the 

two cages is minimal but significant and indicates that the energy transfer process is faster 

in Zn-L-2H than in Zn-S-2H. The energy transfer rate, in fact, is (1.0 ± 0.1)·1011 s-1 and 

(1.4 ± 0.2)·1011 s-1 for Zn-S-2H and Zn-L-2H, respectively (see 2.4. Experimental for 



Chapter 2 

47 

 

details). It follows that the process occurs with an efficiency close to 100% in both cages. 

To better analyze the nature of the energy transfer process, the data have been treated 

according to the Föster-type mechanism, which is usual between porphyrin 

chromophores. The overlap integral (JF) between the emission spectrum of the donor (the 

bis Zn-porphyrin model) and the absorption spectrum of the acceptor (half the absorption 

spectrum of the bis free-base porphyrin cage) has been calculated to be                          

1.96·10-14 cm3·M-1 and 1.88·10-14 cm3·M-1 for Zn-S-2H and Zn-L-2H, respectively. An 

estimation of the geometrical factor K2 (see 2.4. Experimental for details) gives values of 

0.09 for the cage with short linkers and 1.88 for the cage with longer linkers (by 

considering θD = θA = 40º  90º in Zn-S-2H and θD = θA = 15º  40º in Zn-L-2H and ϕ 

varying from 0º and 60º, according to the geometrical parameters derived for similar 

cages).[141] 

 

Figure 2.18. Normalized luminescence decays in the 600-620 nm spectral region for Zn-S-2H (blue) 

and Zn-L-2H (red). The bi-exponential fittings are reported as grey lines. The excitation profile is shown 

in light grey. Excitation at 560 nm (26 µJ/pulse).[142] 

a) 

  

b) 

  

Figure 2.19. Arbitrary scaled luminescence profiles in the 600-620 nm spectral region (red dots) and 

in the 700-750 nm spectral region (blue dots) for a) Zn-S-2H and b) Zn-L-2H in CH2Cl2/MeOH (9:1). 

The bi-exponential fittings are reported as lines. The excitation profile is shown as light grey. Excitation 

at 560 nm (26 µJ/pulse).[142] 
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With these parameters and considering the fluorescence quantum yield and the 

lifetime of the donor in both cases, it is possible to evaluate the donor-acceptor distances 

that should result in the experimental rate constants based on a Föster-type energy-

transfer mechanism. The obtained distances are 6.6 Å and 11.0 Å for Zn-S-2H and Zn-

L-2H, respectively. While the first value is in good agreement with the distance between 

the two porphyrins estimated in the parent system (7 Å), the second value is not 

reasonable for a system where the long linker allow for a closer interaction between the 

porphyrins. Although the estimation of K2 for these systems involves approximations, in 

the case of Zn-L-2H a possible deviation from the classical Föster treatment can be 

envisaged, with a weaker short-range dependence of the rate constant, as already observed 

for closely spaced π systems.[146] At a supposed interplanar distance of 4 Å, estimated for 

the parent cage,[141] we cannot also exclude a contribution from an electron exchange 

(Dexter) mechanism, that has been found to be operative at very short (<5-6 Å) donor-

acceptor distances in cofacial porphyrinic systems.[147,148] 
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2.3. Conclusions 

The photophysical properties of the four flexible covalent cages composed by either 

two free-base porphyrin or one free-base porphyrin and one Zn(II)- porphyrin, connected 

by flexible linkers of different lengths, has been performed by means of steady-state and 

time-resolved spectroscopic studies.  

The proximity of the two porphyrins within the structure of the cages provokes strong 

exciton interactions, observable in the absorption spectra. Regarding the emission 

properties of the cages, they depend on the composition and/or on the lengths of the 

linkers: the free-base units display perturbed fluorescence quantum yield and lifetime 

only in the monometallated cages, where the Zn counterpart influences their radiative 

features, with a stronger impact in the cage with shorter linkers.  

The Zn-porphyrins are quantitatively quenched by a fast energy transfer process that 

sensitizes the free-base emission in both monometallated cages. This photoinduced 

process is slightly faster in the cage with longer linkers, probably because of the very 

short interplanar distance between the porphyrins in this cage, supposed to be ca. 4 Å.  

This outcome underlines the role of the linkers and of the arrangement of the 

components in affecting the photophysical properties of covalent porphyrinic cages.  
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2.4. Experimental 

Spectroscopic grade CH2Cl2 and MeOH were from Merck and used as received. 

Absorption spectra were recorded with Perkin–Elmer Lambda 650 UV-vis and 

Perkin–Elmer Lambda 950 UV-VIS-NIR spectrophotometers. Integrated absorption 

coefficients were calculated by plotting molar absorption coefficients as a function of 

absorption energy (in wavenumbers) and calculating the area under the curves. 

Emission spectra were collected with an Edinburgh FLS920 fluorimeter, equipped 

with a Peltier-cooled Hamamatsu R928 PMT (280–850 nm), and corrected for the 

wavelength-dependent phototube response. Corrected excitation spectra were recorded 

with the same fluorimeter. Emission quantum yields were evaluated from the area of the 

luminescence spectra, corrected for the photomultiplier response, with reference to meso-

tetraphenylporphyrin in aerated toluene (ϕfl = 0.11).[149] Measurements at 77K were 

performed with the same fluorimeter, making use of Pyrex tubes dipped in liquid nitrogen 

in a quartz Dewar. Gated emission spectra were acquired by using a time-gated spectral 

scanning mode and a µF920H Xenon flash lamp (pulse width < 2 µs, repetition rate 

between 0.1 and 100 Hz) as excitation source. Spectra were corrected for the wavelength 

dependent photomultiplier response. Triplet excited state lifetimes were measured with 

the same apparatus in the multichannel scaling mode. 

Fluorescence lifetimes in the nanosecond range were detected by using an IBH Time 

Correlated Single Photon Counting apparatus with Nano-LED excitation at 465 nm. 

Analysis of the decay profiles against time was performed using the Decay Analysis 

Software DAS6 provided by the manufacturer. 

Fluorescence lifetimes in the ps regime were measured by means of a Hamamatsu 

synchroscan streak-camera apparatus (C10910-05 main unit and M10911-01 synchroscan 

unit) equipped with an ORCA-Flash 4.0 V2 charge-coupled device (CCD) and an Acton 

spectrograph SP2358. As excitation source, a Newport Spectra Physics Solstice-F-1K-

230 V laser system, combined with a TOPAS Prime (TPR-TOPAS-F) optical parametric 

amplifier (pulse width: 100 fs, 1 kHz repetition rate)[150] was used, tuned at 560 nm. To 

reduce photo-degradation, the pump energy on the sample was reduced to 26 µJ/pulse. 

Emission from the sample, collected at a right angle with a 1 mm slit, was focused by 

means of a system of lenses into the spectrograph slit. Streak images were taken in 

analogous integration mode (100 exposures, exposure time: 2 s). The decays were 

measured over emission spectral ranges of 20–40 nm. HPD-TA 9.3 software from 
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Hamamatsu was used for data acquisition and analysis. The overall time resolution of the 

system after deconvolution procedure was 1 ps. 

The energy transfer rate in the monometallic cages was calculated as ken = 1/τ – 1/τ0, 

in which τ is the lifetime of the quenched donor unit and τ0 the lifetime of the unquenched 

unit, i.e. the lifetime of the reference model (the Zn-component in the bis Zn-porphyrin 

cages): 1.7 ns for Zn-S-Zn and 1.6 ns for Zn-L-Zn.[141] The error for the energy transfer 

rate value has been estimated according to the partial derivative methods and by taking 

the temporal resolution of the measuring system as uncertainty on the lifetime value (1 ps 

for τ, measured with the streak camera apparatus, and 0.2 ns for τ0, measured with the 

Time Correlated Single Photon Counting equipment). The energy transfer efficiency is 

defined as ηen = ket/(ket + τ0
-1). 

The calculation of the energy-transfer rate constant according to the Förster theory 

was performed by using equation (2.1)[151], where dDA is the distance between the centers 

of mass of the donor and acceptor, ϕ and τ0 are the emission quantum yield and lifetime 

of the donor, JF the overlap integral, n the refractive index of the solvent and K2 the 

orientation factor, calculated according to equation (2.2),[152] where θD and θA are the 

angles formed between the line connecting the donor and acceptor centers and the 

transition moments of the donor and acceptor, respectively, and ϕ is the angle between 

the projections of the transition moments on a plane perpendicular to the line connecting 

the centers of the donor and the acceptor. 

𝑘𝑒𝑛
𝐹 =

8.8 · 10−25𝐾2𝜙

𝑛4𝜏0𝑑𝐷𝐴
6 𝐽𝑓 

(2.1) 

𝐾2 = (𝑠𝑖𝑛𝜃𝐷𝑠𝑖𝑛𝜃𝑎𝑐𝑜𝑠𝜙 − 2𝑐𝑜𝑠𝜃𝐷𝑐𝑜𝑠𝜃𝐴)2 (2.2) 

Estimated errors are 10% on lifetimes, 20% on quantum yields, 20% on molar 

absorption coefficients and 3 nm on emission and absorption peaks.  
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Chapter 3: Ag(I) Complexation of Porphyrinic Covalent Cages equipped with 

flexible linkers and study of their Host-Guest inclusion Properties 

3.1. Introduction  

As it has been previously introduced in Chapter 2, the use of Ag(I) as an effector 

allowed the reversible on/off control of the inclusion of the guest NDI into the bis-Zn(II)-

porphyrin cage.[140] The use of silver(I) is highly attractive as effector due to its versatile 

coordination sphere and coordination numbers ranging from 2 to 6. This second row 

transition metal has been largely employed in supramolecular chemistry thanks to the 

labile bonds that silver-ligand form allowing for the thermodynamic product to be reached 

by self-correction. Besides, it is also easy to decoordinate by using a compatible anion 

such as chloride.[123,153] 

Following this precedent, in the first section of this Chapter, the study of the 

complexation upon Ag(I) addition of the four cages 2H-S-2H, 2H-L-2H, Zn-S-2H and 

Zn-L-2H introduced in Chapter I, is performed by means of absorption and emission 

spectroscopy, time-correlated single photon counting and ultrafast luminescence 

measurements. 

The encapsulation process of guest molecules into the cavity of three-dimensional 

host structures is of great interest in supramolecular chemistry. It allows to isolate the 

guest from the bulk medium and to establish new interactions with the host structure that 

can modify its physical and chemical properties.[154] To achieve a host-guest complex, a 

fine electronic and geometrical match has to take place.[155,156] Fortunately, the inclusion 

of the guest can be controlled with external stimuli such as protons,[157–163] electrons[164–

166] or chemical entities[41,167–171] that interact with specific sites of the host, far from the 

binding site of the guest and provokes large and reversible modifications on the host 

structure. This control is equivalent to the allosteric one, used in biological 

systems.[172,173] 

One example of a photoresponsive cage was reported by Huang et al., the cage was 

an azo-benzene-bridged cryptand that can be controlled between cis and trans isomer by 

UV/Vis irradiation. The cage presents an on/off capacity on binding with 2,7-

diazapyrenium derivatives which can be encapsulated when the cis isomer form is in 

solution (Figure 3.1).[157]  
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Figure 3.1. Schematic photo trans-cis isomerization and encapsulation properties of the azo-benzene 

cryptand. Reproduced with permission of © 2021 American Chemical Society.[157] 

As mentioned before, if a fine electronic and geometrical match takes place and also, 

once the complex is formed, an external stimulus can reverse the complexation of the 

guest into the supramolecular entity, that system would be ideal for drug delivery 

applications. Drug delivery aims to make drug treatments more effective, trying to release 

the pharmaceutical in the place of action and also to control its release through a specific 

mechanism such as light, a change of the pH, etc… From this area of study we can 

conclude that all carriers designed for this application have advantages and limitations, 

one of the challenges is to enlarge the available options to deliver insoluble or toxic 

drugs.[174] 

One example employing porphyrin-gold nanostructures was reported by Maiti et al. 

They designed a nanochemotherapeutic system composed by tetrasodium salt of meso-

tetrakis-(4-sulfonatedphenyl)porphyrin linked to gold nanoparticles (Figure 3.2). These 

nanocarriers were capable of discriminating positively towards tumor cells to internalize 

within them and deliver the antitumor drug doxorubicin in the nucleus of the affected 

cells thanks to the lowered pH of the environment.[175] 

 

Figure 3.2. Representation of the meso-tetrakis-(4-sulfonatedphenyl)porphyrin coordinated to the 

antitumor drug (doxorubicin) attached to the surface of the gold nanoparticles through coordination of the 

pyrrolic nitrogen atoms with gold. Reproduced with permission of © 2021 American Chemical 

Society.[175] 
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Following the work on the encapsulation process of NDI into the Zn(II) porphyrin 

based cages mentioned before, MD simulations showed that upon NDI complexation the 

two porphyrins get closer with an optimized face-to-face orientation, suggesting an 

induced fit mechanism through π-π interactions with the NDI aromatic cycle. A 

photoinduced electron transfer reaction takes place between the host and the guest, 

confirmed by ultrafast transient absorption experiments.[176]  

Therefore, in the second part of this Chapter, the encapsulation process of 

ethionamide (ETH) as guest is studied for cages 2H-S-2H and Zn-S-2H, in their “open” 

conformation. ETH has been chosen as a model of a drug that can interact with the 

porphyrin of the cages, thanks to its coordination sites on nitrogen and sulfur atoms and 

its aromatic ring (see Figure 3.21 below). These experiments thus aim to bring a proof of 

concept for a future drug delivery system. 

Regarding the guest, ethionamide is a nicotinamide derivative that possesses 

antibacterial activity, it is often used in combination with other drugs to treat drug-

resistant tuberculosis. Nevertheless, the precise mechanism of action in cells is unknown, 

it might inhibit the synthesis of mycolic acid,  a saturated fatty acid found in the cell wall, 

but also ethionamide would block the bacteria wall synthesis. This blockage leads to 

bacterial cell wall disruption and cell lysis.[177]  

Two manuscripts reporting the work presented in this Chapter are currently under 

preparation for future submission.  
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3.2. Results and discussion 

3.2.1. Photophysical characterization of the complexation process with Ag(I) 

in solution  

The complexation experiments for the four cages have been performed in 5-8·10-7 M 

CH2Cl2/MeOH (9:1) solutions by adding Ag(OTf) (silver trifluoromethanesulfonate) salt 

diluted in the same solvent mixture as Ag(I) ions source.  

Free-base porphyrin cages: 

Addition of increasing amounts of Ag(I) to a 2H-S-2H (7.5·10-7 M) solution in the 

range of 0-45 equivalents causes major absorption changes as displayed in Figure 3.3a. 

The Q-bands region is only slightly affected but the Soret band shows important changes. 

The peak at 415 nm increases in intensity and the original splitting, due to exciton 

coupling between the porphyrin units, disappears (Figure 3.3a). The resulting Soret band 

resembles that of the reference compound 2H-alkyne.[142] This result suggests that a cage 

opening process, due to the coordination of the Ag(I) ions to the lateral triazoles, occurs 

since the larger distance between the porphyrin planes in the open conformation reduces 

the extent of the exciton coupling.  

The emission spectrum of the cage, collected upon excitation at 409 nm (isosbestic 

point of the absorption titration), is slightly affected by the addition of silver(I). Just a 

small increase in intensity followed by a decrease is observed (Figure 3.3b). 

Regarding the excited state lifetime, measured by TC-SPC, at the end of the titration 

it was slightly reduced with respect to that of the uncomplexed cage (8.4 vs 9.0 ns).[142] 

a) 

 

b) 

 

Figure 3.3. Absorption (a) and uncorrected emission spectra (λexc = 409 nm, isosbestic point) (b) of 

CH2Cl2/MeOH (9:1) solutions containing 2H-S-2H (7.5·10-7 M) and increasing amounts of Ag(OTf) (0-

45 equivalents). Inset of (a): amplification of the Q-bands region (480-680 nm). 
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The absorption and emission data have been analyzed with the software ReactLab 

Equilibiria 1.1[178] by using a 1:4 (cage:Ag+) binding model and considering Ag+ as a non-

absorbing and non-emissive specie. The fitting converges and the simulated spectra 

generated from the software belonging to the [(2H-S-2H)Ag4]
4+ complex matches the 

experimental ones obtained at the end of the titration (Figure 3.4). The average binding 

constant, expressed in log(Ka/M
-4), is (18.94 ± 0.02). 

a) 

  

b) 

  

Figure 3.4. a) Experimental absorption spectrum of 2H-S-2H (black, imposed in the fitting) and 

fitted absorption spectrum of the complex [(2H-S-2H)Ag4]4+ (green) in CH2Cl2/MeOH (9:1). b) Fitted 

emission spectrum of 2H-S-2H (black) and [(2H-S-2H)Ag4]4+ (green). The fitting was performed with 

the software ReactLab Equilibiria[178] by using a 1:4 (cage:Ag+) binding model and Ag+ as a non-

absorbing and non-emissive species. 

 

Figure 3.5. Schematic illustration of the complexation process of 2H-S-2H with silver(I). 

The behavior of the long 2H-L-2H cage (5.6·10-7 M), upon increasing additions of 

Ag(I) in the range of 0-30 equivalents, well differs from that of its short version. Both 

absorption and emission spectra display drastic changes.  

In absorption (Figure 3.6a), the Soret band at 416 nm nearly disappear while a new 

band at 445 nm increases, the spectra displaying an isosbestic point at 434 nm. In the Q-

bands region, the original bands at 516, 550, 592 and 546 nm convert into two new bands 

at 623 and 654 nm (isosbestics at 503, 565, 580 and 599 nm). The changes described 

suggest that a metalation process of the core of the free-base porphyrins occurs (Figure 
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3.9). The features observed for the Ag(I) complexation of 2H-L-2H differ from those of 

the species that forms in the bis-Ag(I) metalation of a monomeric free-base porphyrin,[138] 

and can be tentatively ascribed to the formation of a cage where both porphyrins are 

monometallated by comparison with the spectral characteristics reported for [TPP·Ag]+ 

obtained by electrochemical reduction from [TPP·Ag]2+ (bands at 457, 616 and 667 

nm).[179] This unusual reactivity towards Ag(I) ions could be interpreted with the help of 

theorical calculations (explained below). 

The emission titration, upon excitation at the isosbestic point at 434 nm, displays a 

progressive decrease in fluorescence intensity of the cage (Figure 3.6b), which supports 

the formation of metalated porphyrins since they are weakly emissive with respect to their 

free-base counterparts.[180] 

The emission decay of the cage corresponding to the end of the titration, fitted by a 

double exponential, yields lifetime values of 6.0 and 0.5 ns (90% and 10% in pre-

exponential ratio, respectively), therefore reduced with respect to the 9.0 ns lifetime value 

of the uncomplexed cage.[142] 

a)  

 

b) 

  

Figure 3.6. Absorption (a) and uncorrected emission spectra (λexc = 434 nm, isosbestic point) (b) of 

CH2Cl2/MeOH (9:1) solutions containing 2H-L-2H (5.6·10-7 M) and increasing amounts of Ag(OTf) (0-

30 equivalents). Inset of (a): amplification of the Q-bands region (490-700 nm). 

An excess of Ag(I), up to 400 equivalents, affects the equilibrium of the complexation 

process of 2H-L-2H. In the absorption spectra, two new bands increase at 421 and 541 

nm, while the emission intensity continues to decrease (Figure 3.7). This subsequent 

process could be ascribed to the interaction of Ag(I) ions with the triazole ligands 

integrated in the cage linkers after the porphyrins are metalated, inducing a 

conformational change in the system.  



Chapter 3 

58 

 

a) 

  

b) 

  

Figure 3.7. Absorption (a) and uncorrected emission spectra (λexc = 434 nm, isosbestic point) (b) of 

CH2Cl2/MeOH (9:1) solutions containing 2H-L-2H (5.6·10-7 M) and increasing amounts of Ag(OTf) (30-

400 equivalents). Inset of (a): amplification of the Q-bands region (490-700 nm). In (b) the y-axis scale is 

amplified by a factor of 3 with respect of the scale of Figure 3.6b.  

The absorption and emission data for the first equilibrium converged when a 1:2 

model (cage:Ag+) was applied in ReactLab software,[178] (Figure 3.8). The derived 

binding constant was log(Ka/M
-2) = (10.48 ± 0.01). 

a) 

  

b) 

  

Figure 3.8. a) Experimental absorption spectrum of 2H-L-2H (black, imposed in the fitting) and 

fitted absorption spectrum of the complex [(2H-L-2H)Ag4]4+ (green) in CH2Cl2/MeOH (9:1). b) Fitted 

emission spectrum of 2H-L-2H (black) and [(2H-L-2H)Ag4]4+ (green). The fitting was performed with 

the software ReactLab Equilibiria[178] by using a 1:4 (cage:Ag+) binding model and Ag+ as a non-

absorbing and non-emissive species. 

 

Figure 3.9. Schematic illustration of the assumed complexation processes of 2H-L-2H with silver(I). 
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Computational results on 2H-S,L-2H cages: 

This study was carried out in collaboration with Prof. Daidone’s group.** 

As mentioned before, molecular dynamics (MD) simulations of both uncomplexed 

cages 2H-S-2H and 2H-L-2H were performed to compare the structural and dynamics 

characteristics that could explain the difference in their behavior upon addition of Ag(I).  

The MD simulations showed that the closed conformation of the cages is different. In 

2H-L-2H the distance between the porphyrins planes is lower on average than in 2H-S-

2H. Besides, the relative orientation of the two porphyrins is different in the two cages. 

In 2H-L-2H the two porphyrins are parallel and cofacial, while in 2H-S-2H, the planes 

take more often an oblique and slipped conformation. This can be explained thanks to the 

more rigid “shorter” linkers that do not facilitate a tightly conformation that implies the 

bending of the linkers.  

The different conformation of the two uncomplexed cages also affect their reactivity 

towards Ag(I) ions. The more slipped conformation present in 2H-S-2H determine an 

average outer orientation of the two NH groups of the porphyrin plane. Contrarily, in 2H-

L-2H and inward orientation of the NH groups is favored. The latter conformation 

exposes to the solvent the lone pair of the nitrogen, so that upon addition of Ag(I) ions in 

solution the nitrogen can coordinate easier to the silver ions and this process can compete 

with the complexation process of the triazole ligands.  

Monometallated Zn-/free-base porphyrin cages: 

Addition of increasing amounts of Ag(I) to the monometallated cage Zn-S-2H  

(5.5·10-7 M) in the range of 0-40 equivalents causes changes in both absorption and 

emission spectra. A reduction of the splitting of the Soret band is observed in the 

absorption spectra, forming a single band more intense with maximum at 418 nm (Figure 

3.10a),  while the Q-bands region remains almost unaltered. These data, similar to those 

observed for its free-base analogous 2H-S-2H cage, points towards a cage opening 

process.  

Differently from its analogous 2H-S-2H, for Zn-S-2H in the emission titration it can 

be observed an increase in intensity of both the bands of the free-base unit (652 and 717 

nm)[142] and of the Zn-porphyrin (606 nm, the second band at ca. 660 nm is superimposed 

with the free-base porphyrin emission)[142] (Figure 3.10b). 
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a) 

  

b) 

  

Figure 3.10. Absorption (a) and uncorrected emission spectra (λexc = 415.5 nm, isosbestic point) (b) 

of CH2Cl2/MeOH (9:1) solutions containing Zn-S-2H (5.5·10-7 M) and increasing amounts of Ag(OTf) 

(0-40 equivalents). Inset of (a): amplification of the Q-bands region (480-680 nm). Inset of (b): 

amplification of the 580-630 nm region.  

Figure 3.11 displays the Zn-porphyrin emission in Zn-S-2H where the contribution 

of a normalized 2H-S-2H spectrum at 712 nm has been subtracted to the spectrum of the 

mixture for each point of the titration of the monometallated cage, thus making more 

noticeable the increase of the Zn-porphyrin unit emission intensity upon addition of 

Ag(I).  

It has been previously explained (Chapter 2) that the emission properties of the free-

base component in Zn-S-2H are affected by the presence the of closely spaced Zn-

porphyrin counterpart, with a reduction on the quantum yield and lifetimes values (6.7 vs 

8.5 ns) with respect to the model monomer 2H-alkyne and cage 2H-S-2H.[142] The 

recovery of the free-base emission intensity upon addition of Ag(I) evidences the 

separation of the two units due to the coordination of the silver(I) ions to the triazole 

ligands (Figure 3.13). In fact, the lifetime of the free-base emission measured at 720 nm 

for the complex was found to be 7.9 ns, which is closer to the value of 8.5 ns of the free-

base porphyrin unaffected by the Zn-counterpart.[142] 

The parting of the two units towards an open cage conformation also decreases the 

efficiency of the energy transfer occurring from the Zn-porphyrin to the free-base 

counterpart,[142] with the result of an increase of the emissions intensity of the Zn 

component in the complexed cage.  
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Figure 3.11. Emission spectra (λexc = 415.5 nm) of CH2Cl2/MeOH (9:1) solutions containing Zn-S-

2H (5.5∙10-7 M) and increasing amounts of AgOTf (0-40 equivalents). The spectra are expressed as 

differential intensity, calculated by subtracting, from the spectrum of the cage at each point of the 

titration, an emission spectrum of 2H-S-2H normalized at 712 nm. 

The absorption and emission data could be fitted with a 1:4 (cage:Ag+) binding model 

with ReactLab[178] software (Figure 3.12). The derived binding constant for this system 

was log(Ka/M
-4) = (22.09 ± 0.05).  

a) 

  

b) 

  

Figure 3.12. a) Experimental absorption spectrum of Zn-S-2H (black, imposed in the fitting) and 

fitted absorption spectrum of the complex [(Zn-S-2H)Ag4]4+ (green) in CH2Cl2/MeOH (9:1). b) Fitted 

emission spectrum of Zn-S-2H (black) and [(Zn-S-2H)Ag4]4+ (green). The fitting was performed with the 

software ReactLab Equilibiria[178] by using a 1:4 (cage:Ag+) binding model and Ag+ as a non-absorbing 

and non-emissive species. 

 

Figure 3.13. Schematic illustration of the complexation process of Zn-S-2H with silver(I). 
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The behavior of the monometallated cage Zn-L-2H differs from that of its analogous 

bis free-base version, 2H-L-2H. The addition of increasing amounts of Ag(I) to Zn-L-

2H (6.5·10-7 M) in the range of 0-25 equivalents provokes changes in absorption and 

emission spectra. The absorption spectra testify again the reduction of the splitting of the 

Soret band with an increase of the band at 417 nm and a reduction of the shoulder at 426 

nm (Figure 3.14). The Q-bands region does not present any significant modifications. 

These data supports the opening process of the cage, as seen before for 2H-S-2H and Zn-

S-2H.  

a) 

  

b) 

  

Figure 3.14. Absorption (a) and uncorrected emission spectra (λexc = 421 nm, isosbestic point) (b) of 

CH2Cl2/MeOH (9:1) solutions containing Zn-L-2H (6.5·10-7 M) and increasing amounts of Ag(OTf) (0-

25 equivalents). Inset of (a): amplification of the Q-bands region (480-680 nm). Inset of (b): amplification 

of the 580-630 nm region.  

Regarding the emission spectra, a different behavior from that of its analogous Zn-S-

2H is observed (Figure 3.14b). The band corresponding to the Zn-porphyrin emission at 

606 nm presents an increase in intensity until the end of the titration, confirmed by 

considering the subtraction of the free-base contribution (Figure 3.15). Conversely, the 

bands of the free-base component at 652 and 716 nm show a slight increase followed by 

a decrease.  

The reduction of the efficiency of the energy transfer process occurring in the cage 

can explain the increase in intensity of the Zn-porphyrin, as well as for its analogous Zn-

S-2H. The dual behavior of the free-base emission is more complicated to justify. The 

initial increase can be attributed to a recovery of the emission of the unit, which is reduced 

in the cage by the presence of the Zn counterpart (ca. 20% reduction),[142] the subsequent 

decrease could be explained by an interaction of the free-base porphyrin with the linked 

Ag(I), as the metalation of the core can be discarded by the absorption features of the 

complex. 
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The lifetime of the free-base component in the complex was slightly decreased in 

comparison to that of the same unit in the bare cage, i.e. 7.0 vs 7.6 ns.[142] 

 

Figure 3.15. Emission spectra (λexc = 421 nm) of CH2Cl2/MeOH (9:1) solutions containing Zn-L-2H 

(6.5∙10-7 M) and increasing amounts of AgOTf (0-40 equivalents). The spectra are expressed as 

differential intensity, calculated by subtracting, from the spectrum of the cage at each point of the 

titration, an emission spectrum of 2H-L-2H normalized at 712 nm. 

The absorption and emission data have been fitted with a 1:4 model (cage:Ag+) with 

ReactLab[178] software (Figure 3.16) and the derived binding constant for the system is 

log(Ka/M
-4) = (20.78 ± 0.02).  

 

 

a) 

  

b) 

  

Figure 3.16. a) Experimental absorption spectrum of Zn-L-2H (black, imposed in the fitting) and 

fitted absorption spectrum of the complex [(Zn-L-2H)Ag4]4+ (green) in CH2Cl2/MeOH (9:1). b) Fitted 

emission spectra of Zn-L-2H (black) and [(Zn-L-2H)Ag4]4+ (green). The fitting was performed with the 

software Reactlab Equilibria[178] by using a 1:4 (cage:Ag+) binding model and Ag+ as a non-absorbing and 

non-emissive species. 
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Figure 3.17. Schematic illustration of the complexation process of Zn-L-2H with silver(I). 

Ultrafast luminescence measurements on Zn-S,L-2H: 

The observed modifications in the emission properties of the Zn-porphyrin unit in the 

titrations of Zn-S-2H and Zn-L-2H with Ag(I) point to a modification of the efficiency 

of the energy transfer process upon complexation. Ultrafast luminescence measurements 

were carried out on the complexed cages in order to get insights on this process.  

The luminescence time profiles of the two complexed cages in the range 600-620 nm, 

where uniquely the emission of the Zn-porphyrin is collected, are shown in Figure 3.18. 

The decays are fitted with lifetimes of 230 ps and 160 ps for Zn-S-2H and Zn-L-2H, 

respectively.[142] Taking into account a lifetime of 1.7 ns for the unquenched Zn-porphyrin 

model Zn-alkyne,[142] the efficiency of the energy transfer decreases from 99.4% to 

86.5% in Zn-S-2H, and from 99.6% to 90.6% in Zn-L-2H, in agreement with the 

observed increase in the emission intensity upon titration with Ag(I), due to the increased 

distance between the porphyrin planes. 

The larger distance between the porphyrin planes in the Ag(I) complexed cages has 

been previously confirmed in a combined experimental and computational study on the 

analogous bis Zn-porphyrin cages.[141] 

Furthermore, it is noteworthy to remark that the lifetime of the Zn-porphyrin 

component in [(Zn-S-2H)·Ag4]
4+ is longer than that of the same unit in the more flexible 

[(Zn-L-2H)·Ag4]
4+, indicating a closer disposition of the two units in the latter as it occurs 

for the uncomplexed cages and for the analogous Zn-porphyrin cages studied 

previously.[141,142] 
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Figure 3.18. Luminescence decays in the 600-620 nm region for Zn-S-2H (black dots) and Zn-L-2H 

(red dots) added with 20 equivalents of AgOTf. The bi-exponential fittings are reported as lines. The 

excitation profile is shown in grey. Excitation at 560 nm (26 µJ/pulse). 

Cl- addition to Ag(I) complexes 

Prior to the encapsulation of the guest, we tested the removal of Ag(I) coordinated to 

the triazole ligands through the addition of chloride (provoking the precipitation of the 

ions in the form of AgCl) to confirm the reversibility of the open/close process induced 

by the Ag(I) ions.  

The addition of an excess of LiCl to both [(2H-S-2H)·Ag4]
4+ and [(Zn-S-2H)·Ag4]

4+ 

causes changes in the absorption and emission spectra. In the two cages, a decrease in 

intensity and a splitting of Soret band is observed in the absorption spectra (Figure 3.19a 

and Figure 3.20a), with a final spectrum similar to the one of the uncomplexed cage in 

both cases. This implies that the chloride anions effectively remove the Ag(I) ions and 

return the cage back to its original uncomplexed form. Regarding the emission features, 

a return to the original emission intensity is observed for the 2H-S-2H cage (Figure 

3.19b), but a further decrease is observed in its monometallated analogous Zn-S-2H 

(Figure 3.20b) probably due to the excess of Cl- added. These data confirm the reversible 

size-tunable capacity of the cages 2H-S-2H and Zn-S-2H upon the addition and removal 

of the effector Ag(I) ion.  
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a) 

  

b) 

  

Figure 3.19. Absorption (a) and uncorrected emission spectra (λexc = 409 nm) (b) of CH2Cl2/MeOH 

(9:1) solutions containing 2H-S-2H (6.02∙10-7 M) (black), 2H-S-2H added with Ag(I) (25 equivalents) 

(red) and 2H-S-2H with Ag(I) added with an excess of Cl- (300 equivalents) (blue). 

a) 

  

b) 

  

Figure 3.20. Absorption (a) and uncorrected emission spectra (λexc = 389 nm) (b) of CH2Cl2/MeOH 

(9:1) solutions containing Zn-S-2H (4.39∙10-7 M) (black), Zn-S-2H added with Ag(I) (20 equivalents) 

(red) and Zn-S-2H with Ag(I) added with an excess of Cl- (300 equivalents) (blue). 

3.2.2. Complexation of ETH with Ag(I) complexed cages 

After the characterization of the Ag(I) complexation of the four cages, that proved 

their size tunable capacity in the case of 2H-S-2H, Zn-S-2H and Zn-L-2H, we selected 

the short cages for the study of their ability, once their cavity has been opened by the 

binding of silver ions, to work as hosts for the complexation of the ethionamide molecule. 

Ethionamide (ETH) (Figure 3.21) has been firstly characterized from the 

photophysical point of view in the solvent mixture CH2Cl2/MeOH (9:1). It shows an 

absorption spectrum confined below 400 nm, with maximum at 290 nm (Figure 3.22), 

which does not interfere with the region of the Soret band of the host. Moreover, it was 

found to be non-emissive in the same solvent. 
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Figure 3.21. Structure of the guest molecule ethionamide. 

 

Figure 3.22. Absorption spectrum of ethionamide in CH2Cl2/MeOH (9:1). 

The titration experiments for both cages [(2H-S-2H)·Ag4]
4+ and [(Zn-S-2H)·Ag4]

4+ 

with ETH have been carried out with the following procedure: i) 5-8·10-7 M 

CH2Cl2/MeOH (9:1) solutions of 2H-S-2H and Zn-S-2H have been added with Ag(OTf) 

with the proper concentration to ensure a complete silver(I) complexation, ii) micro 

aliquots of an ETH stock solution prepared in the same solvent have been progressively 

added to the previous solutions. Absorption and emission spectra were recorded for each 

ETH addition. 

2H-S-2H 

The addition of increasing amounts of ethionamide to a [(2H-S-2H)·Ag4]
4+      

(1.01·10-6 M) solution in the range of 0-2 equivalents causes absorption changes as shown 

in Figure 3.23a. The Soret band decreases its intensity and recovers the splitting due to 

the exciton coupling observed in the uncomplexed cage, meanwhile, the Q band region 

remains unaltered without any significant changes. A possible explanation of this 

behavior comes from preliminary computational studies made in collaboration with Prof. 

Daidone’s group**: the changes observed in the absorption spectra agrees with the 

coordination of the ethionamide guest to the Ag(I) ions coordinated to the lateral triazoles. 

This external coordination provokes the staking of the two porphyrins in a conformation 

closer to that of the uncomplexed cage, explaining the slight different shape in the Soret 

band between the ETH complexed cage and the uncomplexed one.  
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In the emission spectra (Figure 3.23b) collected upon excitation at 409 nm, isosbestic 

point for the absorption titration, a quenching process that reduce the emission intensity 

around 20% is observed. This process agrees with the closer conformation induced by the 

coordination of ETH with the Ag(I) ions, since the closeness of the porphyrin cores 

reduces their emission intensity.[142]  

a) 

 

b) 

   

Figure 3.23. Absorption (a) and uncorrected emission spectra (λexc = 409 nm) (b) of CH2Cl2/MeOH 

(9:1) solution containing [(2H-S-2H)·Ag4]4+ (1.01·10-6 M) and increasing amounts of ETH (0-1.8 

equivalents). Inset of (a): amplification of the Q-band regions (510-650 nm). 

Zn-S-2H 

Addition of increasing amounts of ETH to a [(Zn-S-2H)·Ag4]
4+ (6.02·10-7 M) 

solution in the range of 0-8 equivalents causes absorption changes as shown in Figure 

3.24a. Similar features to those of its analogous [(2H-S-2H)·Ag4]
4+ are observed: a 

decrease of intensity and appearance of the splitting of the Soret band occur, while the Q-

bands region remains unaltered. The same explanation can be applied for this case. 

In the emission spectra (Figure 3.24b) collected upon excitation at 389 nm, isosbestic 

point of the absorption titration, a quenching process is also observed up to ca. 50%. This 

outcome can be explained by the hypothesis of the formation of a more closed upon 

complexation of ETH, where the porphyrin planes are reciprocally affecting their 

emission properties. Other events anyway cannot be excluded, and studies to clarify the 

process are ongoing.  
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a) 

 

b) 

   

Figure 3.24. Absorption (a) and uncorrected emission spectra (λexc = 389 nm) (b) of CH2Cl2/MeOH 

(9:1) solutions containing [(Zn-S-2H)·Ag4]4+ (6.02·10-7 M) and increasing amounts of ETH (0-7.8 

equivalents). Inset of (a): amplification of the Q-band regions (500-700 nm). 

Due to the similarity of the final absorption spectra of the ETH-complexed cages and 

of the closed cages recovered with the addition of Cl- ions, experiments performed to 

investigate the possible release of ETH upon the removal of Ag+ with the addition of 

chloride did not produce significant results. The drug delivery event, if occurring, is not 

easily detected by optical techniques and NMR studies are ongoing to elucidate the 

processes.   
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3.3. Conclusions 

The complexation process with Ag(I) of the four flexible covalent cages presented in 

Chapter 2 (2H-S-2H, 2H-L-2H, Zn-S-2H and Zn-L-2H) has been studied by means of 

steady-state and time-resolved spectroscopy. 

The effective coordination of Ag(I) ions to the lateral triazole ligands integrated in the 

linkers of 2H-S-2H, Zn-S-2H and Zn-L-2H occurs within the range of 20-40 equivalents 

and provokes the opening of the cage cavities. The changes observed in the absorption 

spectra indicate that a separation of the porphyrin planes takes place since the reduction 

of the splitting of the Soret band implies a decrease of the coupling between the units. 

The features observed in the fluorescence titrations agree with the proposed mechanism. 

Interestingly, a porphyrin core metalation process in competition with the 

complexation of the triazole moieties occurs for 2H-L-2H. Thanks to MD simulations, it 

could be proposed that a more favorable orientation of the porphyrinic NH groups, 

compared to its analogous 2H-S-2H, influences the metalation process. Indeed, the long 

cage’s NH groups points towards the interior of the cage, leading to the exposure of the 

reactive lone pair of the nitrogen to the solvent enhancing the reactivity towards the 

binding of the Ag(I) ions. The particular orientation of these groups in 2H-L-2H is 

permitted by the higher flexibility of the longer linkers. 

The ability of 2H-S-2H and Zn-S-2H, in their open conformation, to function as hosts 

in the formation of host-guest systems has been tested with the ETH molecule. The 

addition of ETH to Ag(I) complexes of the cages provokes changes in the absorption and 

emission spectra pointing to an increase of the exciton coupling, probably due to the lower 

distance between the porphyrin planes due to the complexation of ETH to the Ag(I) ions 

that induces a more constricted conformation of the cages. This thesis is supported by 

computational simulations.  
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3.4. Experimental  

Spectroscopy grade CH2Cl2 and MeOH were from Merck and used as received. Silver 

trifluoromethanesulfonate (Ag(OTf)) was from Sigma-Aldrich. It has been stored under 

argon in a sealed vial in dark and dry conditions. Ag(OTf) solutions were used fresh and 

kept in the dark during the measurements. Ethionamide was used as received from TCI. 

Absorption spectra were recorded with Perkin-Elmer Lambda 650 UV-VIS and 

Perkin-Elmer Lambda 950 UV-VIS-NIR spectrophotometers. 

Emission spectra were collected with an Edinburgh FLS920 fluorimeter, equipped 

with a Peltier-cooled Hamamatsu R928 PMT (200-850 nm), and corrected for the 

wavelength dependent response.  

Titration experiments were performed by incremental addition of micro aliquots of 

stock solution of Ag(OTf) (10-3 to 10-4 M) and ETH (10−3 to 10−4 M) to a solution of 

molecular cage or Ag(I)-complexed cage (5-8 · 10-7 M), respectively. The final added 

volume was kept below 10% of the total volume to avoid dilution of the cage. The 

experiments have been conducted avoiding light exposure of the solutions. 

All the titrations were characterized by an early step where the addition of silver (5-

10 equivalents) caused no changes in both absorption and emission features, attributed to 

an initial disaggregation process.  

Addition of an excess of silver salt caused in all cases, except cage 2H-L-2H, 

degradation of the compounds with a decrease in intensity of both absorption and 

emission bands. 

Titration data have been analyzed with ReactLab Equilibira software[178] to determine 

the association constants.  

Fluorescence lifetimes in the nanosecond range were detected by using an IBH Time 

Correlated Single Photon Counting apparatus with Nano-LED excitation at 465 nm. 

Analysis of the decay profiles against time was performed using the Decay Analysis 

Software DAS6 provided by the manufacturer.   

Fluorescence lifetimes in the ps regime were measured by means of a Hamamatsu 

synchroscan streak-camera apparatus (C10910-05 main unit and M10911-01 synchroscan 

unit) equipped with an ORCA-Flash 4.0 V2 charge-coupled device (CCD) and an Acton 

spectrograph SP2358. As excitation source, a Newport Spectra Physics Solstice-F-1K-

230 V laser system, combined with a TOPAS Prime (TPR-TOPAS-F) optical parametric 

amplifier (pulse width: 100 fs, 1 kHz repetition rate) was used, tuned at 560 nm. To reduce 
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photo-degradation, the pump energy on the sample was reduced to 26 J/pulse. Emission 

from the sample, collected at a right angle with a 1 mm slit, was focused by means of a 

system of lenses into the spectrograph slit. Streak images were taken in analog integration 

mode (100 exposures, exposure time: 2 s). The decays were measured over emission 

spectral ranges of 20–40 nm. HPD-TA 9.3 software from Hamamatsu was used for data 

acquisition and analysis. The overall time resolution of the system after deconvolution 

procedure was 1 ps. 
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Chapter 4: Photophysical Properties of a series of Acridinium-Zn(II) 

Porphyrin Conjugates 

4.1. Introduction 

4.1.1. Acridinium – Porphyrin Conjugates 

The N-substituted acridinium unit constitutes a good building block for the 

construction of molecular architectures since it promotes guest binding properties and 

responds to chemical, redox or photonic stimuli. It can be functionalized either at 9- and 

N-positions from an acridone thanks to its available lone pair and ketone functional 

group,[181,182] and the substituents can tune its physico-chemical properties. Particularly, 

9-aryl-N-methyl-acridinium (ArAc+) displays multi-responsive properties based on two 

extreme resonance structures. The 9-phenylacridinium (PhAc+), due to its resonance form 

shown on the right of Figure 4.1, displays halochromic and photochromic properties in 

an analogous way as pH-indicators do (like malachite green, phenolphthalein, 

bromothymol blue, etc.). In the resonance form shown on the left of Figure 4.1, the N-

pyridinium core offers potential redox capacity.[183] In addition, acridinium molecules 

have the ability to interact with other aromatic compounds through π-π interactions, 

because of their relatively large aromatic character. 

Due to its chemi-, photo- and electrochromic properties, the ArAc+ motif has been 

included in several supramolecular structures as responsive unit. Nevertheless, the 

combination of porphyrins and acridiniums has not been widely explored, even though 

these units can offer interesting opportunities when they are conjugated.  

 

Figure 4.1. Resonance forms of the 9-phenyl-N-methyl-acridinium (PhAc+) motif. Reproduced with 

permission of © 1999-2921 John Wiley & Sons, Inc.[183] 

Kitagawa et al.[184] prepared bis-porphyrins-based water-soluble receptors interacting 

through π-donor/π-acceptor interactions with protonated acridine derivatives. Also, they 
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showed that the guest is stabilized by charge-transfer interactions between the porphyrin 

and the acridinium guest.[185] Ko et al.[186] synthesized cofacial zinc-porphyrin complexes 

that were effective receptors for acridinium ions, their preorganized configuration helped 

the guest to readily position itself in a favorable way for encapsulation.  

Rath et al.[187] prepared a diethylpyrrole-bridged bisporphyrin receptor to encapsulate 

a fluorescent probe constituted by an acridinium ion (AcH+). When the acridinium was 

encapsulated, its redox properties changed making it difficult to be reduced/oxidized. The 

fluorescence intensity of the complexed AcH+ was severely quenched. The good overlap 

between the emission spectrum of the guest (energy donor) and the absorption spectrum 

of the host (energy acceptor) facilitated the efficient intermolecular energy transfer from 

the excited state of AcH+ to the free base bisporphyrin. Hence, a photoinduced electron 

transfer from the excited state of bisporphyrin to AcH+ upon 560 nm excitation, which 

was thermodynamically favorable, provoked as well the quenching of the guest’s 

fluorescence. In this work, AcH+ could act as either acceptor or donor depending on 

which chromophore was excited in the host-guest complex. Computational modeling 

located electron densities on the HOMOs and LUMOs that supported the formation of a 

charge-separated state in which the host acted as electron donor while the guest acted as 

electron acceptor in the complex.  

Fukuzumi et al,[188] reported a system constituted by two cofacial free-base porphyrins 

linked by a flexible spacer able to host the acridinium ion (AcH+) forming a π-complex. 

Photoinduced electron transfer from the host to the guest took place efficiently to form 

the charge separated state (Host·+-AcH·) detected by laser flash photolysis. Later, they 

reported[189] a quantitative fluorescence sensor for O2
·- constituted by a bis-acridinium-

porphyrin triad (Acr+-H2P-Acr+) (Figure 4.2). The acridinium ion was employed as 

electron acceptor and a photoinduced electron transfer from the porphyrin to the 

acridinium unit was revealed by femtosecond transient absorption. When the superoxide 

ion was added to a solution of the triad, the fluorescence intensity of the latter was 

enhanced. The electron transfer that takes place from the superoxide ion to the Acr+ 

moiety, indeed, produces a two-electron-reduced species (Acr·-H2P-Acr·) and inhibits 

the fluorescence quenching via the photoinduced process. The triad thus acts as an 

efficient fluorescence sensor for the superoxide ion. 
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Figure 4.2. (Left) Structure of the (Acr+-H2P-Acr+) triad. (Right) Fluorescence spectra observed in 

the titration of the triad with KO2
·--18-crown-6. Reproduced with permission of © 2021 American 

Chemical Society.[189] 

In view of exploring novel arrays based on porphyrins and acridinium units, several 

acridinidum-Zn(II) porphyrin conjugates were synthesised by Prof. Heitz’s group* and 

the photophysical characterization of these systems is presented in this chapter. 

 Several conjugates have been explored: bisacridinium-Zn(II) porphyrin (BisAcr 

Porph), tetrakisacridinium-Zn(II) porphyrin (TetraAcr Porph), monoacridnium-Zn(II) 

porphyrin (MonoAcr Porph) and bisacridinium-Zn(II) bisporphyrin (Tweezer). These 

compounds aim to have interesting photophysical properties and to be active in 

Photodynamic Therapy (PDT) to treat cancer cells. Furthermore, the Tweezer can 

encapsulate a guest, turning it into a drug delivery system.  

Part of the results presented in this chapter were published in 2021: “Synthesis, 

electronic and photophysical properties of a bisacridinium-Zn(II) porphyrin conjugate”, 

A. Edo-Osagie, D. Sánchez-Resa, D. Serillon, E. Bandini, C. Gourlaouen, H.P. Jacquot 

de Rouville, B. Ventura, V. Heitz, Comptes Rendus Chimie, 2021, 24, DOI: 

10.5802/crchim.100.[190] The figures related to this publication are reproduced with 

permission of © 2019 – 2021 Centre Mersene, l’Acadèmie des sciences, et les auteurs. 
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4.2. Results and discussion 

4.2.1. Bisacridinium-Zn(II) porphyrin conjugate 

The photophysical study of the bisacridinium-Zn(II) porphyrin conjugate (BisAcr 

Porph) (Figure 4.3), and model compounds Zn-bisphenyl porphyrin (Zn-bP) and 

acridinium benzaldehyde (Acr Benz) (Figure 4.4) was performed in CH3CN. 

 

Figure 4.3. Structure of the bisacridinium-Zn(II) porphyrin conjugate (BisAcr Porph).[190] 

 

Figure 4.4. Structure of the models Zn-bisphenyl porphyrin (Zn-bP) (left) and acridinium 

benzaldehyde (Acr Benz) (right).[190] 

Figure 4.5 displays the absorption spectrum of the conjugate compared with those of 

the models Zn-bP and Acr Benz and their weighted sum. The spectrum of the conjugate 

matches fairly well with the sum in the 280-400 nm region (acridinium benzaldehyde 

region), while the Q-bands of the porphyrin (500-600 nm) are slightly red-shifted with 

respect to the model Zn-bP, and the same occurs to the Soret band (400-450 nm) which 

presents a decrease in intensity and a broadening. Theoretical analysis proved that the 

observed absorption features correspond to the contribution of three electronic π-π* 

transitions either centered on the porphyrin or on the acridinium cores.[190] 
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Figure 4.5. Absorption spectra of bisacridinium-porphyrin conjugate (BisAcr Porph) (blue), model 

compounds Zn-bP (red) and Acr Benz (black) and the sum of the spectrum of Zn-bP with twice the 

spectrum of Acr Benz (green dotted) in CH3CN.[190] 

Luminescence measurements were performed both at room temperature and 77 K in 

CH3CN. Acr Benz, at room temperature, presents a broad emission spectrum with 

maximum at 515 nm, a quantum yield of 0.045 and an excited state lifetime of 1.73 ns, 

whereas Zn-bP shows emission maxima at 588 and 638 nm, ϕfl = 0.035 and τ = 2.30 ns 

(Figure 4.6 and Table 4.1). 

 

Figure 4.6. Corrected emission spectra of models Acr Benz (black) and Zn-bP (red) in CH3CN at 

room temperature. The area below the curves is proportional to the emission quantum yield. Excitation at 

400 nm for Acr Benz and at 520 nm for Zn-bP.[190] 

On the contrary, the conjugate BisAcr Porph is barely emissive due to a strong 

quenching of both the acridinium and porphyrin units. Selective excitation of the 

porphyrin component in the conjugate at 543 nm resulted in an emission quantum yield 

below 10-4, which represents less than 0.3% the yield of the model Zn-bP (Table 4.1). 

Excitation at 262 nm, where the acridinium unit is prevalently excited (ca. 96%), of 

isoabsorbing solutions of the BisAcr Porph, Zn-bP and Acr Benz was carried out to 

estimate the quenching of the acridinium units in the conjugate (Figure 4.7). The 
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porphyrin fluorescence intensity found in BisAcr Porph was below 4%, which would 

correspond to the direct excitation of the porphyrin in the array, corroborating the 

quenching already observed. The residual acridinium emission indicates a quenching 

higher than 99% of these units in the conjugate. These characteristics points to a very fast 

and efficient photoinduced process that depopulates the lowest single excited states of 

both components in the conjugate, most probably an electron transfer. This hypothesis is 

supported by transient absorption experiments described below. 

 
Table 4.1. Emission data for models and conjugate in CH3CN.[190] 

 

Although an electron transfer can explain the quenching, we could not exclude the 

possibility of an energy transfer from the acridinium unit towards the porphyrin singlet 

excited state, which is thermodynamically allowed (Figure 4.8) and supported by a non-

zero overlap between the emission spectrum of the acridinium unit and the absorption 

spectrum of the porphyrin component (Figure 4.5 and Figure 4.6). To investigate the 

occurrence of photoinduced energy transfer, the excitation spectrum of BisAcr Porph 

was collected at 660 nm, wavelength at which only the emission of the porphyrin 

component is present, and compared to the absorption spectrum (Figure 4.9). Although 

the excitation spectrum is noisy, because of the weak emission, it displays the absorption 

bands of the porphyrin and lacks the characteristic absorption peaks of the acridinium 

unit at 262 and 362 nm. This result indicates that an energy transfer from the acridinium 

units to the central porphyrin unit does not take place in the conjugate, likely due to the 

competition with the ultrafast electron transfer process. 

 

  RT 77 K  

  λmax (nm)a ϕem
b τ (ns)c λmax (nm)a τ (ns)c E (eV)d 

Acr Benz Acr Benz1 515 0.045 1.73 471, 500 2.70 (20%), 16.6 (80%) 2.63 

Zn-bP Zn-bP1 588, 638 0.035 2.30 605, 648 2.31 2.05 

 Zn-bP3    794 - 1.56 

BisAcr Porph  590, 642e <1.0·10-4e  - - - 

aEmission maxima from corrected spectra. bFluorescence quantum yields, measured with reference to TPP (meso-

tetraphenylporphyrin) in aerated toluene as a standard for the porphyrin units and with reference to Coumarin 153 in 

ethanol for the acridinium units. cFluorescence lifetimes in the nanosecond range, excitation at 465 nm for Zn-bP and 

at 368 nm for Acr Benz. dEnergy of the excited state determined as the energy of the 0-0 emission band collected at 

77 K. eUpon selective excitation of the Zn-porphyrin at 543 nm, the yield is below the minimum value measurable 

with steady-state experiments, i.e., 1.0·10-4. 
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Figure 4.7. Uncorrected emission spectra of CH3CN solutions of BisAcr Porph (blue) and models 

Acr Benz (black) and Zn-bP (red), isoabsorbing at 262 nm (A262 = 0.1). λexc = 262 nm. The blue spectrum 

has been multiplied by a factor of 100.[190] 

 

Figure 4.8. Energy level diagram and kinetics of the photoinduced processes occurring in the 

conjugate BisAcr Porph in CH3CN. The singlet and triplet energy levels are taken from data of the 

present paper and from literature.[191] The energy of the charge separated state (1.39 eV) has been 

approximated as Eox-Ered (with Eox and Ered as “redox energy”, expressed in eV), by considering the 

oxidation potential of the porphyrin unit (Eox = +0.949 V versus SCE) and the reduction potential of the 

acridinium unit (E1/2 = -0.442 V versus SCE) measured in DMF (N,N-dimethylformamide), whose 

polarity is similar to that of CH3CN.[190] 
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Figure 4.9. Arbitrarily scaled excitation (orange) and absorption (blue) spectra of BisAcr Porph in 

CH3CN. λem = 660 nm.[190] 

Emission measurements at 77 K revealed spectra with higher vibrational resolution 

for the models Acr Benz and Zn-bP (Figure 4.10) and phosphorescence at 794 nm was 

observed for Zn-bP. The conjugate BisAcr Porph is weakly emissive also at 77 K and 

its spectrum is barely collected because of scattering issues. The latter observation reveals 

that the decrease in temperature does not affect the efficiency of the quenching process 

that takes place within the components in the conjugate. 

 

Figure 4.10. Normalized corrected emission spectra of models Acr Benz (black) and Zn-bP (red) in 

CH3CN at 77K. Excitation at 362 nm for Acr Benz and at 520 nm for Zn-bP.[190] 

To elucidate the fast photoinduced processes occurring in the conjugate, pump-probe 

transient absorption measurements with femtosecond resolution were carried out on 

BisAcr Porph and its models.  

The excitation wavelengths selected were: 560 nm, where a selective population of 

the porphyrin singlet is achieved and 360 nm, where the acridinium units are prevalently 

excited. The peak at 262 nm of the acridinium is not experimentally accessible.  
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Figure 4.11a displays the time evolution of the transient spectrum of model Zn-bP 

upon excitation at 560 nm. The initial spectrum shows a positive band below 530 nm, 

ground state beaching at 542 and 580 nm and stimulated emission at 640 nm and it 

evolves into a new spectrum with a positive maximum at 463 nm, with clear isosbestic 

points. The kinetics was found to be equal to the fluorescence lifetime of the molecule 

(times profiles are reported in Figure 4.12), i.e. 2.3 ns; the final spectrum is attributed to 

the triplet state and the process is assigned to S1→ T1 intersystem crossing.  

a) 

 

b) 

 

Figure 4.11. Transient absorption of a) Zn-bP and b) BisAcr Porph in CH3CN at different delays. 

Excitation at 560 nm (A560 = 0.1, 0.2 cm optical path, 2 µJ/pulse).[190] 

 

Figure 4.12. Time evolution of A at the indicated wavelengths for Zn-bP in CH3CN. Excitation at 

560 nm (A560 = 0.1, 0.2 cm optical path, 2 J/pulse). The fittings are reported as lines.[190] 

In the case of BisAcr Porph (Figure 4.11b), the results are completely diverse. The 

end of pulse spectrum shows maxima at 480, 520, 620 and 662 nm, as well as bleaching 

bands at 545 and 568 nm. In the region 620-600 nm an ultrafast signal rise, of the order 

of the time resolution of the system, is observed. This spectrum quickly decays, with a 

lifetime of 0.65 ps (Figure 4.13a). The observed transient spectrum can be safely ascribed 

to the charge separated state P+ - Ac· (P: porphyrin, Ac: acridinium), since the bands 

between 600 and 700 nm resembles those reported for a Zn-porphyrin cation,[192] and 
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bands at ca. 480 nm and 520 nm have been reported for the reduced species of N-alkyl 

substituted acridinium compounds.[188,193–195] The singlet excited state of the porphyrin is 

thus depopulated in ca. 0.3 ps to yield the charge separated state, which in turn lives less 

than 1 ps. It can be highlighted that the decay of the spectrum shows a second component, 

accounting for a very small fraction of the signal (ca. 2%), with a lifetime of ca. 32 ps 

(Figure 4.13b). This second component can be tentatively ascribed to a slower charge 

recombination occurring in a different conformation of the array or deriving from another 

minimum of the first excited singlet potential energy surface. This is consistent with the 

molecular flexibility in the excited state highlighted by theoretical analysis.[190] 

a) 

  

b) 

  

Figure 4.13. Time evolution of A at the indicated wavelengths for BisAcr Porph in CH3CN. 

Excitation at 560 nm (A560 = 0.1, 0.2 cm optical path, 2 J/pulse). a) Time scale: 0-6 ps; b) time-scale: 0-

100 ps. The fittings are reported as lines.[190] 

Transient absorption analysis upon excitation at 360 nm was performed for BisAcr 

Porph and models Acr Benz and Zn-bP. In Acr Benz, the initial formation of a signal 

with a risetime of 1 ps, ascribable to vibrational relaxation was observed (Figure 4.14a). 

The formed spectrum shows positive bands in the 450-510 nm and 630-800 nm regions, 

with maxima at 472 nm and 680 nm, and stimulated emission at 550 nm, red-shifted with 

respect to that detected from luminescence measurements due to the sum with the positive 

absorption bands. The signal decays with a lifetime of 1.6 ns (Figure 4.14b and Figure 

4.15), and with defined isosbestic points, allowing to ascribe the process to S1 → T1 

intersystem crossing, even if the spectral features of the triplet are hardly detectable. Zn-

bP shows a behavior similar to that observed upon excitation at 560 nm, with intersystem 

crossing in 2.3 ns, but preceded by an initial fast evolution of 1 ps, ascribable to internal 

conversion (Figure 4.16 and Figure 4.17).[150] 
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a) 

 

b) 

 

Figure 4.14. Transient absorbance of Acr Benz in CH3CN at a) the end of pulse and after 3 ps, b) 

different delays. Excitation at 360 nm (A360 = 0.2, 0.2 cm optical path, 2 J/pulse).[190] 

a) 

 

b) 

 

Figure 4.15. Time evolution of A at the indicated wavelengths for Acr Benz in CH3CN. Excitation 

at 360 nm (A360 = 0.2, 0.2 cm optical path, 2 J/pulse). a) Time scale: 0-50 ps; b) time-scale: 0-7000 ps. 

The fittings are reported as lines.[190] 

a) 

 

b) 

 

Figure 4.16. Transient absorbance of Zn-bP in CH3CN at different delays: a) 0-3.72 ps; b) 3.72-6200 

ps. Excitation at 360 nm (A360 = 0.2, 0.2 cm optical path, 2 J/pulse).[190] 
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a) 

  

b) 

  

Figure 4.17. Time evolution of A at the indicated wavelengths for Zn-bP in CH3CN. Excitation at 

360 nm (A360 = 0.2, 0.2 cm optical path, 2 J/pulse). a) Time scale: 0-50 ps; b) time-scale: 0-7000 ps. The 

fittings are reported as lines.[190] 

The end of pulse spectrum of BisAcr Porph does not present any of the spectral 

characteristics of the singlet excited states absorption of the respective components but 

recall those observed upon excitation at 560 nm  with clear features of the charge 

separated state (Figure 4.18). There is no evidence of signal formation, implying that the 

process upon prevalent excitation of the acridinium component occurs on an ultrafast 

scale (≤ 0.3 ps). The spectrum evolves quickly, almost disappearing with τ = 0.70 ps. A 

minor component, accounting for ca. 5% of the decay and with lifetime of 33 ps (Figure 

4.18 and Figure 4.19) is detected, in agreement with that observed upon excitation of the 

porphyrin unit.  

 
Figure 4.18. Transient absorbance of BisAcr Porph in CH3CN at different delays. Excitation at 360 

nm (A360 = 0.2, 0.2 cm optical path, 2 µJ/pulse).[190] 
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a) 

 

b) 

 

Figure 4.19. Time evolution of A at the indicated wavelengths for BisAcr Porph in CH3CN. 

Excitation at 360 nm (A560 = 0.2, 0.2 cm optical path, 2 J/pulse). a) Time scale: 0-6 ps; b) time-scale: 0-

100 ps. The fittings are reported as lines.[190] 

The observed photoinduced electron transfer process is, indeed, thermodynamically 

allowed upon excitation of both the porphyrin (∆G = -0.66 eV) and the acridinium units 

(∆G = -1.24 eV), as indicated in Figure 4.8 and, in the latter case, a higher energy gap 

account for the increased reaction rate, placing the reaction in the normal Marcus 

region.[196] 

4.2.2. Tetrakisacridinium-Zn(II) porphyrin conjugate 

Figure 4.20 display the structure of the tetrakisacridinium-Zn(II) porphyrin conjugate 

(TetraAcr Porph), in which the combination of porphyrin and acridinium units is further 

explored and can be useful for the development of future cage-type systems. 

 

Figure 4.20. Tetrakisacridinium-Zn(II) porphyrin conjugate (TetraAcr Porph). 
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The photophysical properties of the TetraAcr Porph were studied in CH3CN. Zn-

TPP and Acr Benz were employed as models for comparison purposes and characterized 

in the same solvent.  

Figure 4.21 shows the absorption spectrum of TetraAcr Porph, compared with the 

spectra of its corresponding models Zn-TPP and Acr Benz and their weighted sum. As 

in the BisAcr Porph case, the spectrum of the conjugate correlates fairly with the sum in 

the 280-400 nm region, which concerns the acridinium absorption region. Whereas the 

Q-bands (500-600 nm) are slightly red-shifted with respect to the Zn-TPP model, and 

also the Soret band is reduced in intensity, broadened and more red-shifted in comparison 

with its analogous BisAcr Porph, probably due to the presence of two more acridinium 

units. In analogy with BisAcr Porph, we can assume that the features in absorption are 

given by  π-π* electronic transitions either centered on the porphyrin or on the acridinium 

cores.  

 

Figure 4.21. Absorption spectra of Tetrakisacridinium-Zn(II) porphyrin conjugate TetraAcr Porph 

(blue), model compounds Zn-TPP (red) and Acr Benz (black) and the sum of the spectra of Zn-TPP 

with four times the spectrum of Acr Benz (green dotted) in CH3CN. 

Luminescence measurements were carried out both at room temperature and at 77 K 

in CH3CN. The luminescence properties of model Acr Benz have been already described.  

Zn-TPP displays emission maxima at 606 and 658 nm, ϕfl = 0.049 and τ = 2.15 ns (Figure 

4.22 and Table 4.2), in agreement with literature reports.[197] 
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Figure 4.22. Corrected emission spectra of models Acr Benz (black) and Zn-TPP (red) in CH3CN at 

room temperature. The area below the curves is proportional to the emission quantum yield. Excitation at 

400 nm for Acr Benz and at 555 nm for Zn-TPP. 

As observed for the BisAcr Porph conjugate, the tetrakisacridinium derivative 

displays strong quenching in both the acridinium and porphyrin units. 

Upon excitation at 543 nm, in the porphyrin domain, a quantum yield less than 10-4 

was found for TetraAcr Porph, representing less than 0.3% of the yield of the Zn-TPP 

model (Table 4.2). As shown in Figure 4.23, the major contribution to the emission 

spectrum of this conjugate comes from the acridinium moiety.  

 

Figure 4.23. Uncorrected emission spectra of CH3CN solutions of TetraAcr Porph (blue) and 

models Acr Benz (black) and Zn-TPP (red), isoabsorbing at 262 nm (A262 = 0.1). λexc = 262 nm. The blue 

spectrum has been multiplied by a factor of 25.  

As carried out for the BisAcr Porph, in order to estimate the quenching of the 

acridinium units in the TetraAcr Porph conjugate, excitation of isoabsorbing solutions 

of the conjugate, the Zn-TPP and Acr Benz models at 262 nm (where the acridinium is 

prevalently excited) was performed (Figure 4.23).  

For the conjugate, we found that the residual porphyrin fluorescence was below the 

2% of the Zn-TPP emission, percentage which corresponds to the direct excitation of the 
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porphyrin unit in the array, confirming the quenching already observed and also displayed 

in the BisAcr Porph case. Regarding the acridinium emission,  quenching by ≥ 99% was 

observed. This corresponds to a very fast and efficient photoinduced process that 

depopulates the lowest single excited state of both components in the array, like an 

electron transfer, which will be detailed below.   

Table 4.2. Emission data for models and conjugate in CH3CN. 

    RT 77 K  

    λmax (nm)a ϕem
b τ (ns)c λmax (nm)a τ (ns)c E (eV)d 

Acr Benz Acr Benz1 515 0.045 1.73 471, 500 2.70 (20%), 16.6 (80%) 2.63 

Zn-TPP Zn-TPP1 606, 658 0.049 1.78 606, 652 2.15 2.05 

 Zn-TPP3     -  

TetrakAcr 

Porph 

 590, 650e <1.0·10-4e - - - - 

aEmission maxima from corrected spectra. bFluorescence quantum yields, measured with reference to TPP (meso-

tetraphenylporphyrin) in aerated toluene as a standard for the porphyrin units and with reference to Coumarin 153 

in ethanol for the acridinium units. cFluorescence lifetimes in the nanosecond range, excitation at 465 nm for Zn-

TPP and at 368 nm for Acr Benz. dEnergy of the excited state determined as the energy of the 0-0 emission band 

collected at 77 K. eUpon selective excitation of the Zn-porphyrin at 543 nm, the yield is below the minimum value 

measurable with steady-state experiments, i.e., 1.0·10-4. 

 

To analyze the  occurrence of a possible energy transfer process in the conjugate, we 

collected the excitation spectrum of TetraAcr Porph at 660 nm, where only the emission 

of the porphyrin component is present, and compared to the absorption spectrum (Figure 

4.24). The excitation spectrum recollected displays the absorption bands of the porphyrin, 

even if with noise due to the weakness of the emission signal, and lacks the characteristic 

absorption peaks of the acridinium unit at 262 and 362 nm. With these data, we can 

conclude that energy transfer from the acridinium units to the central porphyrin does not 

occur in the conjugate, probably due to the competition with an ultrafast electron transfer 

process.  
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Figure 4.24. Arbitrarily scaled excitation (orange) and absorption (blue) spectra of TetraAcr Porph 

in CH3CN. λem = 660 nm. 

Emission measurements at 77 K show features similar to those observed at room 

temperature for the Acr Benz model and for Zn-TPP (Figure 4.25) with higher 

vibrational resolution. On the contrary, for the conjugate, the emission is very weak also 

at low temperature and its spectrum is hard to detect due to scattering issues that affect 

this measurement. This result leads to conclude that the decrease in temperature does not 

affect the efficiency of the quenching process occurring within the components of the 

array. 

 

Figure 4.25. Normalized corrected emission spectra of models Acr Benz (black) and Zn-TPP (red) 

in CH3CN at 77K. Excitation at 362 nm for Acr Benz and at 520 nm for Zn-TPP. 

As in the case of BisAcr Porph, pump-probe transient absorption measurements with 

femtosecond resolution were performed on TetraAcr Porph and the models Zn-TPP 

and Acr Benz (previously described). The chosen excitation wavelengths were the same, 

i.e. 560 nm for the selective excitation of the porphyrin and 360 nm, where the acridinium 

unit is prevalently excited.  
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The time evolution of the transient absorption spectrum of the model Zn-TPP 

obtained upon excitation at 560 nm is displayed in Figure 4.27a. The initial spectrum 

presents a positive band below 530 nm, ground state bleaching at ca. 560 and 598 nm and 

stimulated emission at 658 nm. This spectrum evolves into a new spectrum with a positive 

maximum at 468 nm, with clear isosbestic points at 487 and 645 and 677 nm. The kinetics 

reflects the fluorescence lifetime of the molecule (the time profiles are reported in Figure 

4.26): the decay and the rise are fitted with a lifetime of 1.7 ns, which is close to the 

fluorescence lifetime of 1.78 ns (Table 4.2); the final spectrum is thus attributed to the 

triplet state and the process is assigned to S1 → T1 intersystem crossing.  

 

Figure 4.26. Time evolution of ∆A at the indicated wavelengths for Zn-TPP in CH3CN. Excitation at 

560 nm (A560 = 0.2, 0.2 cm optical path, 2 µJ/pulse). The fittings are reported as lines. 

a) 

 

b) 

 

Figure 4.27. Transient absorbance of a) Zn-TPP and b) TetraAcr Porph in CH3CN at different 

delays. Excitation at 560 nm (A560 = 0.2, 0.2 cm optical path, 2 µJ/pulse). 

On the contrary, for the TetraAcr Porph conjugate the end-of-pulse spectrum  

(Figure 4.27b) differs from those of the models and is similar to the one of BisAcr Porph. 

The spectrum presents broad absorption bands between 450 and 750 nm, overlaid with 

ground state bleaching bands at ca. 560 and 600 nm. In the region 630-680 nm an ultrafast 

signal rise, of the order of the time resolution of the system, is observed. This spectrum 
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quickly decays, with a lifetime of 0.92 ps (Figure 4.28a). The observed transient spectrum 

can be ascribed, again, to the charge separated state P+ - Ac·. The singlet excited state of 

the porphyrin is thus depopulated in ca. 0.33 ps to yield the charge separated state, which 

in turn lives about 1 ps (0.92 ps). It can be noticed that the decay of the spectrum shows 

a second component in the region 450-500 nm, accounting for a very small fraction of the 

signal (ca. 4%), with a lifetime of ca. 23 ps (Figure 4.28b). This second component can 

be tentatively ascribed, as before, to a slower charge recombination occurring in a 

different conformation of the array, or deriving from another minimum of the first excited 

singlet potential energy surface.  

a) 

  

b) 

 

Figure 4.28. Time evolution of ∆A at the indicated wavelengths for TetraAcr Porph in CH3CN. 

Excitation at 560 nm (A560 = 0.2, 0.2 cm optical path, 2 µJ/pulse). a) Time scale: 0-6 ps; b) time-scale: 0-

100 ps. The fittings are reported as lines. 

Transient absorption analysis with excitation at 360 nm has been performed for 

TetraAcr Porph and models Acr Benz and Zn-TPP. Model Acr Benz has been already 

described, Zn-TPP shows a similar behavior to the one observed upon excitation at 560 

nm, with intersystem crossing occurring in 1.78 ns, but preceded by an initial fast 

evolution of 1.87 ps, ascribable to internal conversion (Figure 4.29 and Figure 4.30).[150] 

a) 

 

b) 

 

Figure 4.29. Transient absorbance of Zn-TPP in CH3CN at different delays: a) 0-21.8 ps; b) 21.8-

3900 ps. Excitation at 360 nm (A360 = 0.2, 0.2 cm optical path, 2 µJ/pulse). 
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a) 

 

b) 

 

Figure 4.30. Time evolution of ∆A at the indicated wavelengths for Zn-TPP in CH3CN. Excitation at 

360 nm (A360 = 0.2, 0.2 cm optical path, 2 µJ/pulse). a) Time scale: 0-6 ps; b) time-scale: 0-100 ps. The 

fittings are reported as lines. 

The end-of-pulse spectrum of TetraAcr Porph does not present any of the spectral 

features of the singlet excited states absorption of the respective components, but recall 

those observed upon excitation at 560 nm  with clear features of the charge separated state 

(Figure 4.32). There is no evidence of signal formation, implying that the process, upon 

prevalent excitation of the acridinium component, occurs on an ultrafast scale (≤ 0.3 ps). 

The spectrum evolves quickly, almost disappearing with τ = 1.03 ps. A minor component, 

accounting for ca. 15% with a lifetime of 21.9 ps (Figure 4.31b and Figure 4.32) is 

detected, in agreement with that observed upon excitation of the porphyrin unit.  

a) 

  

b) 

  

Figure 4.31. Time evolution of ∆A at the indicated wavelengths for TetraAcr Porph in CH3CN. 

Excitation at 360 nm (A360 = 0.2, 0.2 cm optical path, 2 µJ/pulse). a) Time scale: 0-6 ps; b) time-scale: 0-

100 ps. The fittings are reported as lines. 
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Figure 4.32. Transient absorbance of TetrakAcr Porph in CH3CN at different delays. Excitation at 

360 nm (A360 = 0.2, 0.2 cm optical path, 2 µJ/pulse). 

4.2.3. Monoacridinium-Zn(II) porphyrin and bisacridinium-Zn(II) 

bisporphyrin conjugates 

In this section, we describe the photophysical study of the Bisacridinium-Zn(II)-

bisporphyrin conjugate (Tweezer) that can function as a molecular receptor thanks to the 

rotational freedom of the alkyl linkers between the two acridinium units, and of its model, 

the Monoacridinium-Zn(II) porphyrin conjugate (MonoAcr Porph). Their structures are 

presented in Figure 4.33. 

 

 

Figure 4.33. Monoacridinium-Zn(II) porphyrin (MonoAcr Porph) (top) conjugate and 

Bisacridinium-Zn(II)-bisporphyrin conjugate (Tweezer) (bottom).  
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The absorption spectrum of the Monoacridinium-Zn(II) porphyrin conjugate 

(MonoAcr Porph), together with the sum of the spectra of the models, is presented in 

Figure 4.34a. We can observe a reasonable correlation between the spectrum of the 

conjugate and the weighted sum of the spectra of the models in all regions. Only for the 

Soret band we observe that it is decreased and slightly red-shifted with respect to the sum 

of the spectra of the models.  

Figure 4.34b shows the spectrum of  the Tweezer compared with twice the spectrum 

of MonoAcr Porph. The spectra perfectly correlate in all regions except for the Soret 

band, which in the tweezer is slightly decreased in intensity, probably due to electronic 

interactions between the two porphyrin planes.  

a) 

 

b) 

 

Figure 4.34. a) Absorption spectra of Monoacridnium-Zn(II) porphyrin conjugate MonoAcr Porph 

(blue), models compound Zn-TPP (red) and Acr Benz (black) and the sum of the spectrum of Zn-TPP 

with one time the spectrum of Acr Benz (green dotted) in CH3CN. b) Absorption spectrum of 

Bisacridinium-Zn(II)-bisporphyrin conjugate Tweezer (blue) and the sum of twice the spectrum of 

MonoAcr Porh (green dotted) in CH3CN.  

As observed for the BisAcr and TetraAcr Porph conjugate,  the MonoAcr Porph 

and Tweezer display strong luminescence quenching for both the acridinium and 

porphyrin units. 

Indeed,  low quantum yields values ( 10-4) upon excitation of the porphyrin at 543 

nm were found (Table 4.3). 

As carried out for the BisAcr and TetraAcr Porph, in order to estimate the quenching 

of the acridinium units in the conjugates, excitation of isoabsorbing solutions of the 

conjugates, and the Zn-TPP and Acr Benz models, at 262 nm  was performed. The results 

are shown in Figure 4.35. 
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a) 

  

b) 

 

Figure 4.35. a) Uncorrected emission spectra of CH3CN solutions of MonoAcr Porph (blue) and 

models Acr Benz (black) and Zn-TPP (red), isoabsorbing at 262 nm (A262 = 0.1) λexc = 262 nm. The blue 

spectrum has been multiplied by a factor of 100. b) Uncorrected emission spectra of CH3CN solutions of 

Tweezer (blue) and models Acr Benz (black) and Zn-TPP (red), isoabsorbing at 262 nm (A262 = 0.1)   

λexc = 262 nm. The blue spectrum has been multiplied by a factor of 10. 

For these two derivatives, the residual porphyrin fluorescence was below 2% of the 

model Zn-TPP emission as well as the acridinium emission presents a quenching higher 

than 99%. As indicated before, this matches with a fast and efficient photoinduced 

process, likely an electron transfer, which will be explained below.  

Table 4.3. Emission data for conjugates in CH3CN at room temperature. 

 λmax (nm)a ϕem
b 

MonoAcr Porph MonoAcr Porph1 608, 664 <1.0·10-4e 

Tweezer Tweezer1 608, 662 <1.0·10-4e 

aEmission maxima from corrected spectra. bFluorescence quantum yields, measured with 

reference to TPP (meso-tetraphenylporphyrin) in aerated toluene as a standard. eUpon 

selective excitation of the Zn-porphyrin at 543 nm, the yield is below the minimum value 

measurable with steady-state experiments, i.e., 1.0·10-4. 

To analyze the  occurrence of a possible energy transfer process in this series, we 

collected excitation spectrum of  the conjugates at 660 nm, where only the emission of 

the porphyrin component is present, and compared to the absorption spectrum (Figure 

4.36). In the excitation spectra of MonoAcr Porph and Tweezer the absorption bands of 

the porphyrin are present while the characteristics absorption peaks of the acridinium unit 

at 262 and 362 nm are lacking. With these data, we can conclude that energy transfer 

from the acridinium units to the central porphyrin does not occur in the conjugates, 

probably due to the competition with an ultrafast electron transfer process.  
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a) 

 

b) 

 

Figure 4.36. Arbitrarily scaled excitation (orange) and absorption (blue) spectra of a) MonoAcr 

Porph and b) Tweezer in CH3CN. λem = 660 nm. 

The emission spectra at 77 K for the MonoAcr Porph and Tweezer conjugates were 

hard to detect as well, indicating that the quenching process occurring in these arrays is 

as efficient as observed before for the BisAcr and TetraAcr Porph. 

As in the case of BisAcr and TetraAcr Porph, pump-probe transient absorption 

measurements with femtosecond resolution were performed on the MonoAcr Porph and 

Tweezer conjugates, as well as for the models Zn-TPP and Acr Benz (previously 

described).  The chosen excitation wavelengths were the same, i.e. 560 nm for the 

selective excitation of the porphyrin and 360 nm, where the acridinium unit is prevalently 

excited.  

Excitation at 560 nm of the MonoAcr Porph and Tweezer yields the spectra 

displayed in Figure 4.37. For both, we can observe the same features already seen in the 

other conjugates. The end-of-pulse spectra of MonoAcr Porph and Tweezer (Figure 

4.37) shows maxima at  470, 530, 628 and 678 nm, as well as bleaching bands at 558 and 

598 nm. In the region 620-660 nm an ultrafast signal rise, of the order of the time 

resolution of the system or below, is observed. These spectra quickly decay, with a 

lifetime of 0.80 and 1 ps respectively (Figure 4.38a and Figure 4.39a). These spectra can 

be ascribed to the charge separated state P+ - Ac· (P: porphyrin, Ac: acridinium). The 

singlet excited state of the porphyrin in MonoAcr Porph and Tweezer is thus 

depopulated in ca. 0.36 ps and  0.30 ps, respectively to yield the charge separated state, 

which in turns lives 0.80 and 1 ps, respectively. It can be noticed that the decay of the 

spectra shows a second component, accounting for a very small fraction of the signal (ca. 

3% and 8%), with a lifetime of ca. 20.4 and 19.4 ps, respectively (Figure 4.38b and Figure 

4.39b). This second component can be tentatively ascribed, in analogy with the other 

systems, to a slower charge recombination occurring in a different conformation of the 
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array, or deriving from another minimum of the first excited singlet potential energy 

surface.  

a) 

 

b) 

 

 

Figure 4.37. Transient absorbance of a) MonoAcr Porph and b) Tweezer in CH3CN at different 

delays. Excitation at 560 nm (A560 = 0.2, 0.2 cm optical path, 2 µJ/pulse). 

a) 

 

b) 

 

Figure 4.38. Time evolution of ∆A at the indicated wavelengths for MonoAcr Porph in CH3CN. 

Excitation at 560 nm (A560 = 0.2, 0.2 cm optical path, 2 µJ/pulse). a) Time scale: 0-6 ps; b) time-scale: 0-

100 ps. The fittings are reported as lines. 

a) 

 

b) 

 

Figure 4.39. Time evolution of ∆A at the indicated wavelengths for Tweezer in CH3CN. Excitation 

at 560 nm (A560 = 0.2, 0.2 cm optical path, 2 µJ/pulse). a) Time scale: 0-6 ps; b) time-scale: 0-100 ps. The 

fittings are reported as lines. 
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The same experiments were carried out with excitation of 360 nm. The end-of-pulse 

spectrum of both conjugates (Figure 4.40) does not present any of the spectral features of 

the singlet excited states absorption of the respective components, but recalls the ones 

observed upon excitation at 560 nm, with clear features of the charge separated state. A 

risetime of the order of the time resolution of the system (≤ 0.30 ps) is observed in the 

region 600-670 nm for MonoAcr Porph and all over the spectral range for the Tweezer. 

These spectra evolve quickly, almost disappearing with τ = 0.79 and 1.00 ps for the 

MonoAcr Porph and the Tweezer, respectively. A minor component, accounting for ca. 

5% and 15% of the decay and with a lifetime of 19 and 13 ps, respectively (Figure 4.41b 

and Figure 4.42b), is detected, in agreement with that observed upon excitation of the 

porphyrin unit.  

a) 

  

b) 

 

Figure 4.40. Transient absorbance of a) MonoAcr Porph and b) Tweezer in CH3CN at different 

delays. Excitation at 360 nm (A360 = 0.2, 0.2 cm optical path, 2 µJ/pulse). 

a) 

 

b) 

 

Figure 4.41. Time evolution of ∆A at the indicated wavelengths for MonoAcr Porph in CH3CN. 

Excitation at 360 nm (A360 = 0.2, 0.2 cm optical path, 2 µJ/pulse). a) Time scale: 0-6 ps; b) time-scale: 0-

100 ps. The fittings are reported as lines. 
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a) 

 

b) 

 

Figure 4.42. Time evolution of ∆A at the indicated wavelengths for Tweezer in CH3CN. Excitation 

at 360 nm (A360 = 0.2, 0.2 cm optical path, 2 µJ/pulse). a) Time scale: 0-6 ps; b) time-scale: 0-100 ps. The 

fittings are reported as lines.  



Chapter 4 

100 

 

4.3. Conclusions 

It can be concluded that acridinium units, when linked to porphyrins, are photoactive 

moieties that adduce interesting properties to the array. Comparison of the absorption 

spectra of the conjugates with those of the models led to observe variations in the spectra 

of the arrays, mainly in the Soret region. Porphyrin and acridinium centered transitions 

are responsible for the observed red-shift of the Soret and Q-bands of the porphyrin, as 

indicated by theoretical calculations performed for the BisAcr Porph case.  

The strong fluorescence quenching observed in all the conjugates for both the 

porphyrin and the acridinium units is due to an ultrafast photoinduced electron transfer 

process. Transient absorption analysis showed that a charge separated state is formed, 

with similar kinetics for all the derivatives of the order of 0.3 ps, and it decays rapidly 

with a lifetime of ca. 1 ps. Besides, an energy transfer process from the acridinium units 

to the porphyrin core was excluded. 

Photodynamic therapy studies with the conjugates presented in this chapter to treat 

cancer cells are currently ongoing in collaboration with Dr. Arno Wiehe (Biolitec research 

GmbH, Germany). Furthermore, the Tweezer is being tested as a valid host for the 

complexation of a tetrapyridyl porphyrin guest in collaboration with Prof. Heitz. 
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4.4. Experimental 

Spectroscopic grade CH3CN was from Merck and used as received. 

Absorption spectra were recorded with a Perkin–Elmer Lambda 650 UV-vis 

spectrophotometer. 

Emission spectra were collected with an Edinburgh FLS920 fluorimeter, equipped 

with a Peltier-cooled Hamamatsu R928 PMT (280–850 nm). The spectra were corrected 

for the wavelength-dependent phototube response, unless otherwise stated. Fluorescence 

quantum yields were evaluated from the area of the luminescence spectra, corrected for 

the photomultiplier response, with reference to meso-tetraphenylporphyrin (TPP) in 

aerated toluene (fl = 0.11)[198] for the porphyrin components and to Coumarin 153 in 

ethanol (fl = 0.544)[199] for the acridinium units. Measurements at 77K were performed 

with the same fluorimeter, making use of Pyrex tubes dipped in liquid nitrogen in a quartz 

Dewar. Excitation spectra were recorded with the same fluorimeter.  

Emission lifetimes in the nanosecond range were determined by using an IBH time-

correlated single-photon counting apparatus with a nanoLED excitation source at 465 nm 

and 368 nm. 

Pump-probe transient absorption measurements were performed with an Ultrafast 

Systems HELIOS (HE-VIS-NIR) femtosecond transient absorption spectrometer by 

using, as excitation source, a Newport Spectra Physics Solstice-F-1K-230 V laser system, 

combined with a TOPAS Prime (TPR-TOPAS-F) optical parametric amplifier (pulse 

width: 100 fs, 1 kHz repetition rate) tuned at 360 nm and 560 nm. The overall time 

resolution of the system is 300 fs. Air-equilibrated solutions in 0.2 cm optical path cells 

were analyzed under continuous stirring. To reduce photo-degradation, the pump energy 

on the sample was reduced to 2 J/pulse. Surface Xplorer V4 software from Ultrafast 

Systems was used for data acquisition and analysis. The 3D data surfaces were corrected 

for the chirp of the probe pulse prior to analysis. 

Estimated errors are 10% on transient absorbance lifetimes, 10% for luminescence 

lifetimes, 10% for molar absorption coefficients and 10% on quantum yields.
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Chapter 5: Methodology 

5.1. Absorption Spectra[200] 

 The absorption of radiant energy is associated to an electronic transition, meaning 

that the extra-energy of the photon induces the promotion of an electron from an orbital 

at lower energy to an orbital at a higher energy level. Each molecule has its own 

characteristic absorption spectrum since the energetic order and separation of the orbitals 

are unique for each molecule.  

Since molecules present vibrational and rotational energy levels for each electronic 

state, for each single electronic level many transitions are possible to different vibrational 

and/or rotational energy levels, therefore, the absorption spectra will be constituted by 

bands of different width (Figure 5.1). The two fundamental characteristics of a band are 

its position and its intensity. The position of the band is defined by the wavelength of its 

maximum intensity (λmax) and therefore the energy connected to that electronic transition 

can be calculated with the Planck equation (1.2). 

 

 

Figure 5.1. Correlation between electronic transitions and absorption spectra in molecules. 

Reproduced with permission of © 2020 Springer Nature Switzerland AG.[200]  

The probability of the absorption determines the intensity of the band. The excitation 

of a molecule changes the electronic distribution and provokes a dipole moment 

connected with the transition that is proportional to its probability. The transitions with 

higher probability that induce higher variations in the dipole moment allow a higher 

absorption of light. These are the so called allowed transitions in opposition to the ones 

with low probability that are named forbidden and they present lower intensity.[1,201,202]  
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When light travels through the sample, the transmitted radiation will differ from the 

incident one. The absorbed light is given by the difference between the intensity of the 

incident light (I0) and the intensity of the transmitted radiation (I), is expressed in 

transmittance or in absorbance.  

The absorption capacity of a molecule is governed by the Lambert-Beer law (5.1): 

𝐼 = 𝐼0 · 10−𝜀𝑏𝑐 (5.1)  

where I is the intensity of transmitted light, I0 is the intensity of the incident light, ε is the 

molar absorption coefficient (measured in M-1cm-1), b is the path length (cm) and c is the 

molar concentration of the sample.  

Hence, the absorption spectrum of a molecule can be obtained by measuring the 

absorbance (A) at different wavelengths: 

𝐴 = log (
𝐼0

𝐼
) =  𝜀𝑏𝑐

 
 

(5.2) 

ε is normally employed as an indicator of the absorption capacity of the molecule, referred 

to a specific wavelength of absorbed light.  

The instrument that we need to measure the transmittance or absorbance of a sample 

is called spectrophotometer. We can highlight the following components: 

- An electromagnetic source of radiation that emits with a constant intensity: it must 

be stable, long lasting and presents a low noise. Usually two lamps are employed: 

deuterium arc lamp for UV range and a tungsten filament-halogen lamp for VIS-

NIR range. 

- Monochromator to a select single wavelength of the incident light. 

- Sample holder, usually called cuvette, composed by plastic, glass or quartz with a 

square section. 

- The detector converts the light signal into an electric one: normally modern 

instruments count with photomultiplier tubes or photodiode detectors.  

The Lamber-Beer law is obeyed perfectly only in diluted solutions, and the 

spectrophotometer is linear in a certain range of A values (usually 0-2). Besides, it is 

important to calibrate the instrument at 0% (when the incident beam does not reach the 

detector) and 100% transmittance (the measurement of the blank). 
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5.2. Emission and excitation spectra[203] 

Emission and excitation spectra can be collected through a photoluminescence 

spectrometer (spectrofluorimeter) that have two optical channels: excitation and 

emission. The key components of the spectrofluorimeter include: light source, excitation 

monochromator, sample cell, emission monochromator, detector (photomultiplier), data 

collection and analysis system. Excitation light sources are usually lasers, LED and 

lamps. The monochromator can selectively transmit the incident or emitted light in a 

specific wavelength range. The sample cell is located between the two light channels, set 

at a 90º angle. The detector measures the intensity of the emitted light at different 

wavelengths. Finally, the signals are collected and analyzed by the software.  

Emission 

Emission spectra allow to derive information about the nature and energy of an 

emitting excited state. To obtain an emission spectrum, the sample is excited at a fixed 

wavelength (λexc) at which it is absorbing and by moving the emission monochromator, 

the intensity of the luminescence, that varies with the emission wavelength (λem), is 

measured.  

If we record an emission spectrum of a substance by exciting it in its lowest excited 

single state S1, the substance can emit from S1, showing fluorescence emission and/or it 

can undergo intersystem crossing to T1 and yield phosphorescence. Therefore, 

experimentally both fluorescence and phosphorescence spectra can be determined (the 

latter only in oxygen free solutions or rigid matrices in case of organic molecules). The 

emission bands always fall at lower energy with respect to the absorption bands (Figure 

5.2).  

 

Figure 5.2. Potential energy curves for the ground and excited state of a generic molecule. 

Reproduced with permission of © 2020 Springer Nature Switzerland AG.[203]   
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Excitation Spectra 

To record an excitation spectrum we need to fix the emission monochromator at a 

certain wavelength (λem), in correspondence of the emission band of the sample, while the 

wavelength selected by the excitation monochromator varies in the spectral interval in 

which the sample absorbs. The signal will be proportional to the probability that, once the 

photon is absorbed, the excited state responsible for the emission will be populated. The 

excitation spectrum is proportional to the absorption one (they present the same spectral 

shape) if only one luminescent species is present in solution and if the conversion from 

higher excited states to the one responsible for the emission occurs with unitary 

efficiency.   

Corrections for the emission spectra 

A raw emission spectrum requires a correction since the response of the optical and 

electrical components of the detection system is wavelength dependent. To obtain a 

correction curve, a calibrated lamp, which emission spectrum is known in details, 

provided by the manufacturer, is needed. The emission spectrum of the calibrated lamp 

obtained with the instrument is compared with that of the manufacturer. From this 

comparison it is possible to obtain a ratio at each wavelength (calibration curve) that has 

to be multiplied to the sample’s raw spectrum to be corrected. It must be remarked that 

this ratio called correction curve includes the dependency on λem of both the response on 

the phototube and the transmission of the monochromator. The photomultiplier response 

varies with its use, so the correction curve needs be acquired with frequency in order to 

produce accurate emission spectra.  

 Determination of luminescence Quantum Yields 

To determine if a molecule is a good luminophore, the emission quantum yield is the 

key parameter to be measured, defined by the following equation (5.3): 

𝜙 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑚𝑖𝑡𝑡𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
 

(5.3) 

In the comparative method, the quantum yield is determined by comparing the 

emission spectrum of the luminophore with that of a standard recorded under the same 

instrumental conditions. The comparison is based on the areas underneath the respective 

emission spectra measured from the baseline. If the same excitation wavelength is used, 

the unknow luminescence quantum yield can be obtained from the following formula 

(5.4): 
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𝜙 = 𝜙𝑅

𝑆

𝑆𝑅

𝐴𝑅

𝐴

𝑛2

𝑛𝑅
2  

(5.4) 

where ϕ is the emission quantum yield, S is the area underneath the spectrum for the whole 

emission wavelength range, A is the absorbance at the excitation wavelength and n is the 

refraction index of the solvent. The subscript R in the formula denotes the quantities 

referred to the standard with known quantum yield.  
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5.3. Time-resolved luminescence techniques[204] 

A generic excited state *A can follow the three deactivation pahtways shown in Figure 

5.3: (1) photochemical reaction, (2) radiationless deactivation and (3) radiative 

deactivation.  

A + h *A A + heat

A + h'

P
kp

knr

kr

 

Figure 5.3. The generic excited species *A can decay following three main deactivation paths. 

Reproduced with permission of © 2020 Springer Nature Switzerland AG.[204] 

The luminescence emitted in the radiative deactivation can be characterized by two 

different types of measurements. The usual one is to measure its intensity as a function 

of wavelength, obtaining an emission spectrum as explained before. The other way, which 

requires more sophisticated instrumentation, defines the temporal characteristics of the 

emission by measuring its intensity as a function of time.  

The processes shown in Figure 5.3 are regulated by their monomolecular rate constant 

(kp, kr and knr). The three processes compete and the value of the constants determine the 

behavior of the excited state. If it is the case that the processes follow a first-order kinetics, 

the concentration of the excited state also decays following a first-order kinetics with a 

lifetime (τ) defined as in (5.5): 

𝜏 =  
1

∑ 𝑘
=  

1

𝑘𝑝 + 𝑘𝑟 + 𝑘𝑛𝑟
 (5.5) 

The lifetime τ is the time required to reduce the excited state concentration by and e 

factor. Simple kinetic treatment of (5.5) leads to the equations (5.6) and (5.7), where 

[*A]/[*A]0 = 1/e is obtained when t = τ. 

𝑑[ 𝐴∗ ]

𝑑𝑡
=  −(𝑘𝑝 + 𝑘𝑟 + 𝑘𝑛𝑟)[ 𝐴∗ ] = − ∑ 𝑘[ 𝐴∗ ] (5.6) 

[ 𝐴∗ ] = [ 𝐴∗ ]0 exp (− ∑ 𝑘 𝑡) (5.7) 

Figure 5.4 represents in a graphical way the decay of the excited state concentration 

ruled by equation (5.7). 
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Figure 5.4. Variation of the concentration of the excited species *A as a function of time. Following 

an ideally instantaneous excitation, *A is formed at t = 0 (dashed line). Then, the concentration of *A 

decays exponentially, in accordance with a first order kinetics (continuous line). After a lifetime τ = t2 – t1 

the excited state concentration is reduced by an e factor ([*A]2=[*A]1/e). Reproduced with permission of 

© 2020 Springer Nature Switzerland AG.[204] 

Measuring the concentration of an excited sate as function of time leads to the 

calculation of its lifetime: the time-domain techniques are based on this kind of 

measurements. These techniques try to rebuild the decay curve by measuring the 

luminescence emission of the excited state as a function of time since at any time, a direct 

proportionality exists between the number of emitted photons and the number of excited 

states present. Hence, considering that ∑k = 1/τ  from (5.5) and substituting the excited 

state concentration with the emission intensity, equation (5.7) can be rewritten as equation 

(5.8) or also as in equation (5.9) in logarithmic form:  

𝐼(𝑡) = 𝐼0 exp(−𝑡/𝜏) (5.8) 

ln 𝐼(𝑡) = ln 𝐼0 − 𝑡/𝜏 (5.9) 

Equation (5.9) reveals that that a logarithmic plot of the decay intensity as a function 

of time give a straight line whose slope is -1/τ. 

These equations assume that the excited state decays follow a first-order kinetics. In 

more complex cases, multi-exponential or non-exponential decays are observed. The 

lifetimes values depend on temperature, so the latter must always be specified when 

giving lifetime values.  

There are several techniques to measure the lifetime of an excited state using time-

domain approaches. Herein, we explain the gated sampling, the streak camera 

acquisitions and the single photon counting technique, which are employed in this PhD 

thesis. 
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5.3.1. Experimental methods for lifetime measurements 

Gated sampling[204] 

This technique can be operated in a spectrofluorimeter by using a pulsed lamp and 

using a gated detection. It is based on the following: after the excitation pulse, the sample 

emission is measured after a delay time t1 within a time window Δt (gate time) that needs 

to be short with respect to the sample lifetime. This type of acquisition is carried out by 

collecting and averaging the signal correspondent to many excitation pulses, thus the 

signal-to-noise ratio is minimized. In order to measure the lifetime, the measurement is 

repeated several times where the gate time Δt is shifted towards delay time values (t2, t3… 

tn) that increase with respect to excitation. The decay curve is obtained by plotting the 

emission intensity values as a function of the delay time.  

Measurements with a streak camera detector 

This technique is used in Chapter 2 and 3 for measuring lifetimes in the ps-ns range, 

for this, femtosecond laser as excitation source is used. As a detector, a streak camera is 

used, whose description is explained below: 

The streak camera device measures the temporal evolution of the intensity of optical 

pulses. The basic principle is that the incident light generates a spot that is deflected 

during some short time interval. The moving spot creates a spatial distribution (streak 

image) reflecting the temporal evolution of the optical power. The most common streak 

camera is an optoelectronic device where the incident light hits a photocathode placed in 

a vacuum tube. A high voltage applied in the cathode emits electrons that form a pulsed 

beam which intensity is linearly dependent on the optical intensity. The beam is deflected 

by a pair of electrodes and finally, it hits a phosphor screen for generating a visible streak 

image. Besides, the beam can hit a charge-coupled device (CCD) to generate an electronic 

signal.[205] From a streak image, both spectral and temporal information on the emitted 

light can be acquired.  

Single Photon Counting[204] 

The time correlated single photon counting technique is based on the probability that 

one “single” photon emitted by a luminescent sample could be detected by a highly 

sensitive photomultiplier. This probability is statistically related with the change in the 

concentration of the emitting excited state with time by a specific operative procedure.  

The parts of a time correlated single photon counting (TCSPC) apparatus are shown 

in Figure 5.5. It is formed by a pulse light source connected to a light detector (start 
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photomultiplier: start PMT), an optional (exciting) monochromator, a sample holder, 

another optional (emitting) monochromator, a second light detector (stop PMT) and an 

electronic system for the treatment of the photomultiplier’s signals. It is similar to an 

usual instrument for luminescence detection but it differs from: 

i. the properties of the exciting light source 

ii. the presence of the start PMT 

iii. the properties of the stop PMT 

iv. an unusual treatment of the PMT signals made by the electronic system.  

 

Figure 5.5. Schematic block diagram of a TCSPC counting apparatus. Reproduced with permission 

of © 2020 Springer Nature Switzerland AG.[204]  

The exciting light source is usually a low-pressure lamp that produces light pulses 

with high repetition rate (frequency 1-100 kHz), short duration (1-5 ns), very low intensity 

and high stability. Nowadays, small lasers or LEDs are employed with shorter pulse 

duration.  

The star PMT displays electric signals (pulses) having the same frequency of the light 

source with which it is optically connected. Each pulse starts a time cycle whose duration 

is selected before and is comprised within two consecutive pulses. The optimum time 

cycle duration is approximately 5-6 times the emission lifetime of the sample.  

The stop PMT displays a pulse when hit by the first photon emitted by the sample, 

this pulse stops the time cycle initiated by the start signal, then the detector stops until a 

subsequent start signal begins a new excitation-emission cycle.  

The final electronic system (dashed line in Figure 5.5) is formed by two constant 

fraction discriminators (CFD), a time-to-amplitude-converter (TAC) and a multichannel 

analyzer (MCA). The two CFD hamper the cycle when one of the two signals do not 
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reach a threshold value (this reduces dark current effects). The TAC works as a stopwatch 

by elaborating the signals coming from the start and stop photomultipliers. The TAC 

measures, within a single excitation-emission cycle, the time difference (∆t at ns scale) 

between the stop and the start signals. Meaning, the delay between the exciting photons 

(start signals) and the single photon causing the stop signal. In the end, MCA collects all 

the time delays from TAC organizing them in a plot showing the number of times that a 

single photon is seen by the stop PMT at a given ∆t. 

The apparatus functions as described here: 

The lamp emits a light pulse, the start PMT sends an electric signal to the TAC where 

it starts a time cycle of a selected duration by generating an electric potential which 

increases linearly with time (Figure 5.6). The electric potential increase can be stopped 

by two events: 

i. the end of the selected time cycle 

ii. an electric signal from the stop PMT 

In the case of (i) nothing else happens, whereas in the (ii) situation the TAC sends a 

signal to the MCA that records it as an event occurring at a time defined by the electric 

voltage at which the TAC has been stopped. Then the TAC, in both cases, is reset to wait 

for a new start signal beginning another time delay measurement. This procedure is 

repeated several times and allows the accumulation of a huge number of points in a plot 

showing the number of emitted photons versus time delay.  

 

 

Figure 5.6. Working principle of the time-to-amplitude-converter. Reproduced with permission of © 

2020 Springer Nature Switzerland AG.[204] 

This technique provides accurate emission decay curves, so the analysis of multiple 

decays is possible, and it allows the so-called “deconvolution”, meaning, lifetime 

measurements in a time range lower than that of the duration of the excitation pulse which 
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is usually the resolution limit for lifetimes measurements apparatus. When the emission 

processes occur in a time shorter than or similar to the excitation time, the exciting flash 

light becomes the determining step of the excitation-emission process and the excitation 

time width strongly affects the emission lifetime.  

The deconvolution is a calculation technique that deconvolves the contribution of the 

exciting light flash from the emission decay curve leaving the pure emission behavior 

which allows the calculation of the actual emission lifetime. To apply this process, it is 

needed the time profile of the flash light (Figure 5.7).  

 

 

Figure 5.7. Emission lifetime determination by “deconvolution” of a fluorescein aqueous solution at 

pH = 7 at room temperature. The emission is collected at 525 nm. The observed emission decay is gray, 

the time behavior of the excitation of the laser flash is blue, and the fitting function is red. Reproduced 

with permission of © 2020 Springer Nature Switzerland AG.[204]  

Summarizing, the TCSPC technique allows the measurement of the luminescence 

emission lifetimes in a temporal range from hundreds of picosecond to tens of 

microseconds. Short lifetimes are accessible by using deconvolution whereas long 

lifetimes are measurable by a suitable reduction of the excitation lamp frequency to avoid 

the presence of two or more excitation pulses within the selected excitation-emission time 

cycle.[206]   
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5.4. Transient absorption spectroscopy[207] 

The transient absorption method is one of the most useful tools in photophysics and 

photochemistry. The fundament is to use an intense light pulse with a short time duration 

to perturb the equilibrium of a system and follow the appearance and the evolution of 

photochemically formed transients by detecting their electronic absorption.  

A ground state molecule, when absorbing a photon, promotes itself to an excited state; 

from this higher energy state, the molecule can relax back to the ground state through 

some other intermediate excited state of single or triplet multiplicity or chemically react 

to form other products. Usually, these intermediates can be observed by detecting their 

absorption spectra in suitable wavelength windows in the UV-Vis-NIR. Flash photolysis 

systems with nanosecond resolution permit the detection of triplet states, diradicals and 

radicals, ions and bimolecular processes controlled by diffusion in solution. Besides, with 

transient absorption measurements with femtosecond resolution (pump and probe), 

excited singlet states and unimolecular processes like internal conversion, intersystem 

crossing, bond dissociation, and proton transfer, charge and energy transfer in singlet or 

multicomponent systems can be elucidated.  

Herein, related with the work done in this PhD thesis, the technique that deals with 

the femtosecond range will be explained.    

5.4.1. Ultrafast transient absorption spectroscopy[207] 

Femtochemistry 

Is the branch of the physical chemistry that studies phenomena in time intervals in the 

order of 10-12 to 10-15 s. It has allowed the detection of the transition state and reaction 

intermediates for formation-dissociation bonds, and intramolecular electron and proton 

transfer reactions.  

Pump and Probe experiments 

“Pump and probe” is a special detection technique used in systems for femto-

picosecond transient spectroscopy. It is based on using the same laser source to generate 

the excitation pulse (pump) and the analysis beam (probe). The path of the probe beam is 

varied in length by a delay line. The change in the optical path allows the control of the 

temporal distance between excitation and analysis (Figure 5.8). 
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Figure 5.8. Pump beam and analysis beam are overlapped on the sample. Reproduced with 

permission of © 2020 Springer Nature Switzerland AG.[207]  

Figure 5.9 shows the schematic layout of an apparatus to measure the femto-

picosecond transient absorption spectra. A Ti:Sapphire femtosecond laser is used as light 

source. This system comprises a seed laser (modelocked Ti:Sapphire pulsed laser), a 

pump laser (Q-switched Nd:YFL laser), a stretcher, a Ti:sapphire regenerative amplifier 

and a compressor. The output is split (usually 50%) into two beams. One, the pump, is 

converted to the excitation wavelengths by coupling it into a second-harmonic (SHG) or 

into an optical parametric amplifier (TOPAS in our case, for tunable wavelengths in the 

region 280-2600 nm). The other beam, the probe, is passed through a computer controlled 

delay line, and then focused on a crystal plate (usually a sapphire or CaF2 crystal) in order 

to generate a white light continuum (WLG, useful range, 450-750 nm sapphire, 350-750 

nm CaF2). The pump beam is passed through a computer controlled optical chopper, and 

focused on the sample cell. The white light continuum probe beam is collimated and 

focused into the sample cell, superimposed to the pump beam at an angle of 5º. To 

minimize the temporal chirp in the spectrum, parabolic mirrors are used to collimate and 

focus the white light probe beam. After passing through the sample cell, the white 

continuum is coupled into a 100 µm optical fiber connected to a CCD spectrograph.  

With 100-fs pump and probe pulses, the effective time resolution of the ultrafast 

spectrometer, that is, the rise time of an instantaneous signal is ca. 300 fs. The maximum 

temporal window of the experiment, limited by the optical delay stage dimension, usually 

ranges from 0–1,000 ps to 0–4,000 ps, in our system is 0-7,000 ps. 
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Figure 5.9. Schematic layout of an ultrafast spectroscopy setup. Continuous line, fundamental (800 

nm); dashed line white light continuum probe; dotted line pump beam; M mirror; PM parabolic mirror; L 

lens; OF optical fiber; S sample; C chopper; FM flipping mirror; OPA optical parametric amplifier; WLG 

white light generator, SHG–THG second harmonic and third harmonic generators. Reproduced with 

permission of © 2020 Springer Nature Switzerland AG.[207] 
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Conclusions  

In this PhD thesis, several supramolecular systems have been studied from a 

photophysical point of view. In Chapters 2 and 3, the study of four flexible covalent cages 

based on porphyrins was carried out. In the monometallated cages, an energy transfer 

process that sensitizes the free-base emission was found. Their flexibility has been proven 

for most of them upon addition of Ag(I). Furthermore, their ability to function as guest 

has been tested for the inclusion of the ethionamide molecule. Eventually, Chapter 4 deals 

with the photophysical study of acridinium-porphyrin conjugates, from where we can 

conclude that acridinium units, when linked to porphyrins, induce interesting properties 

into the arrays. Indeed, it was found that the fluorescence quenching observed in the array 

was due to an ultrafast photoinduced electron transfer process.  

The study of the photophysical properties of different supramolecular systems is of 

interest since it opens the way to understand their functioning and applications, hence, 

helping us to comprehend natural processes in which photo-process are involved as well 

as to better design devices where these properties can play a major role. The cages studied 

in Chapters 2 and 3 can find application in host-guest systems that can act as molecular 

recognition or drug delivery systems where the signals can be transduced by 

spectroscopic changes. Besides, the conjugates presented in Chapter 4 can be used in 

photodynamic therapy to treat cancer cells, a field where the understanding of 

photophysics of the photosensitizers is of higher importance for its development.  

Ultimately, the exploration of new supramolecular structures that possess interesting 

photophysical properties is worthwhile to the development of new smart devices with 

applications than can improve our life’s quality.  
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