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“Theory is when you know everything but nothing works. 

Practice is when everything works but no one knows why. 

In our lab, theory and practice are combined: 

nothing works and no one knows why” 

Albert Einstein 
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Abstract 

The possibility to manipulate matter at the nanometric scale has been 

shaping our life thanks to increasing level of nanotechnological devices. 

In perspective to overcome the physical limitations correlated to top-down 

nanofabrication methods, self-assembly appears as powerful and attractive 

strategy for constructing complex nanostructures by spontaneous organization of 

appropriate building blocks. Self-assembly implies the existence of a molecular 

recognition which, in principle, allows a structure to build itself from small 

disorder units in a more ordered pattern. 

Although self-assembly typically suggests the use of non-covalent forces, 

it is worth considering that two or more monomers can also self-assemble 

through covalent linkage. This is the case of polymerization process, in which a 

covalent self-assembly arises from reactive monomers in order to create 

extensive framework. Herein, the studies discussed attempt to exploit this two-

fold approach, non-covalent/covalent self-assembly, to realize intriguing 

nanostructures.  

To self-organize molecular building blocks into well-organized structures 

is strictly needed to control their size, dimensionality and properties. Therefore, 

a first step is to choose building blocks useful to our goals. In this respect, 

porphyrins and related derivatives represent ideal macrocycles to construct 

functional materials. In fact, non-covalent porphyrin self-assembly permits to 

obtain large aggregates in aqueous media. However, the phenomenon is often 

ungovernable for practical applications. 
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Several strategies have been implemented to this aim, among them, the 

template-assisted self-assembly. As such, this latter strategy has been 

successfully employed in the present thesis work. 

Firstly, in chapter 3 we have demonstrated the possibility of controlling in 

water the H2TPPS4 J-aggregation, after demetallation/protonation of its zinc(II) 

derivative, ZnTPPS4, at acidic conditions and in presence of poly-L-lysine, PLL, 

as template. By varying the polylysine degree of polymerization, we can 

modulate the final aggregation. Complete spectroscopic studies confirm as 

follows: i) if short PLLs are used, the fast demetallation/protonation of ZnTPPS4 

drives the rapid formation of several families of less organized J-agg, made up of 

few monomers; ii) longer PLLs promote structural reorganizations of the 

protonated porphyrins leading to the formation of long ordered J-agg, resulting 

as well, in a chirality enhancement. 

Furthermore, a template strategy based on host-guest chemistry is also 

reported. In particular, calixarenes have been employed in interactions with 

porphyrin to achieve supramolecular complexes. 

In chapter 4, spectroscopic measurements prove that calixarenes are able to 

control the stoichiometry of the self-assembly process hierarchically. Moreover, 

we can modulate the dimensionality of the supramolecular porphyrin-calixarene 

complexes (1D, 2D or 3D) depending on geometric parameters. For instance, di-

topic calixarenes drive towards the building of 1D and 2D structures, also 

conveying chirality if an asymmetric calixarene is used. On the contrary, tri-topic 

calixarenes leads to 3D complexes. 

As above-mentioned, covalent self-assembly is another strategy explored 

in this dissertation. In order to acquire some skills in covalent approach, I focused 

on synthesis and characterization of Covalent Organic Frameworks, COFs.  

COFs are an emerging class of porous material, based on covalent self-

assembly. A particular solid COF, namely RT-COF-1 was synthesized, 
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characterized ads also tested in terms of adsorption of dye pollutants from water. 

Nevertheless, the study has provided the basic concepts about covalent synthesis 

in order to increase the knowledge in that matter.  

A deep comprehension of the phenomena underlying the non-covalent and 

covalent approach paves the way to develop a combined strategy. In perspective, 

this mixed-approach may lead to generate complex nanostructures both in liquid 

and solid state, with control of dimensionality, crystallinity and features for 

technological applications. 

 



1 

1.  
Introduction 

The astonishing recent progress in nanotechnology is due largely to the 

capability to explore, synthesize, and exploit materials at nanometer level. 

However, although the terms “nanotechnology” and “nanomaterials” may seem 

to be common sense and diffusely used in our modern society, a clear 

interpretation is not yet given. The most appropriate definition affirms that 

nanotechnology refers to structures roughly in the 1−100 nm size regime, in at 

least one dimension.[1] Nevertheless, from a fundamental point of view, the 

nanostructures are fascinating because their optical and optoelectronic properties, 

are often quite different from those of single molecules or bulk materials.[1,2] On 

the other hand, the strict size control in nanotechnology is a fundamental step 

towards the building of nanomaterials with defined features. In fact, modern 

electronic devices have been made available thanks to the striking development 

about the size reduction of their components. 

Generally, the methods for realizing a nanostructure are divided into two 

major categories: i) “top–down” and  ii) “bottom–up” strategies, depending on 

the processes involved in creating nanodevices.[3] A top–down approach 

corresponds to create functional nanoscaled materials from larger dimensions and 

reducing them to the required values. On the contrary, bottom–up approaches 

seek to have molecular or atomic components built up into more complex 

nanoscale assemblies or directed self-assemblies. This area uses atoms or small 

molecules as building blocks of multi-level structures and is extremely promising 

since it could lead to no waste or unused materials.[3] 
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In this respect, over the last decades an intriguing aspect in Material 

Science is the construction of nanostructures from small building blocks by 

means of self-assembly process.[4,5] As such, the synthesis of molecular building 

block is well-developed and the preparation of nanostructures could derive from 

multiple weak-non-covalent interactions (i.e. electrostatic and van der Waals 

forces, solvophobic effects, hydrogen bonding, π-π stacking and metal 

coordination). Moreover, the use of above-mentioned interactions and of their 

opportune reversibility allows for a “self-error-correcting” process leading to the 

formation of the thermodynamically stable species.[6] This strategy, commonly 

known as non-covalent synthesis, sinks its roots into the chemistry beyond the 

molecules, so-called Supramolecular Chemistry.[7,8]  

On this point, porphyrins represent ideal molecular building blocks for the 

formulation of functional supramolecular materials. They have topological 

diversity, minimal conformational flexibility, and can be readily functionalized 

at different sites. Even, they are stable under a variety of conditions, exhibit 

robust optical and redox properties, and can be readily fine-tuned to self-

assemble and self-organize in predefined architectures.[9,10] The programmed 

porphyrin self-assembly into 2D networks and 3D frameworks leads to obtain 

nanoporous solids with pore sizes between 0.2 nm and 2 nm.[11,12] As a 

consequence, porphyrin-based nanostructures may be employed in a variety of 

emerging areas, such molecular sorption, sensing, photonics, catalysis, and 

nanoscale reaction chambers.[11–13]  

Nevertheless, the variation in the size and the morphologies significantly 

influences the porphyrin-based assemblies’ properties, hence the non-covalent 

template approach (e.g. by means of polymeric matrices or calixarene) is a valid 

method to govern the spontaneous assembly.[14–20] Unfortunately, the weak and 

reversible nature of interactions utilized to hold the building blocks in 
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nanostructures, are often not robust enough to be useful for industrial 

applications.[21] 

Alternatively, another strategy for the self-assembly process is the 

employment of irreversible covalent bonds in order to generate arrays of 

covalently linked atoms with well-defined composition, connectivity and shape. 

This latter approach, namely here covalent synthesis, sets the stage in a typical 

molecular recognition, in which appropriate monomers’ organic moieties react 

together to produce a final nanostructure. For sake of simplicity, the covalent 

polymerization is the most important example for preparing molecules with high 

molecular weights. In detail, a relatively simple, reactive low molecular weight 

substances (monomers) is caused to react with themselves in a process that 

produces a molecule (a polymer) comprising many covalently connected 

monomers.[22]  

Covalent Organic Frameworks (COFs), Metal-Organic Frameworks 

(MOFs) and Supramolecular Organic Frameworks (SOFs), based on porphyrin 

or not, fall within that field. They are an emerging class of porous polymers based 

on condensation reactions of organic and metal-organic monomers which have 

been receiving a great attention in the international scientific community.[23] The 

connection through strong covalent bonds permits an ordered two- or three-

dimensional porous nanostructure.[24] As such, their high surface area allows for 

adsorption properties and also storage, catalysis and sensing applications. 

Furthermore, the choice of appropriate monomers paves the way towards new 

advanced materials.[24–27] However, this covalent approach often requires a 

laborious multistep process, as well as enormous efforts when applied to large 

and complex nanomaterials.[1,6] 

For this reason, a mixed-approach, in which the concept of Supramolecular 

Chemistry meets the “covalent approach”, is highly desirable (Fig.1). In fact, in 

order to realize complex porphyrin-based nanostructures, full understanding of 
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both strategies is essential to minimize the covalent disadvantages, increasing the 

non-covalent advantages. In Fig.1 is reported a schematic comparison between 

the three different approaches: 

Route A- the starting molecular building blocks are able to interact with a 

template by means of supramolecular forces to originate a non-covalent 

nanostructure. However, this structure owns low complexity and may collapse 

under different experimental conditions; 

Route B- the building blocks react covalently with each other to form a 

covalent structure via external input (e.g. temperature). Here, although the 

complexity and stability are enhanced remarkably, the degree of structural 

organization may not be satisfying; 

Route C- finally, the combined approach. Firstly, the molecular building 

blocks interact with the supramolecular template to generate a precursor-

structure. Afterwards, the covalent reactions take part in the precursor-system in 

order to realize the final nanostructure. Compared to other ones, this structure 

might own a large stability and an extraordinary internal order, resulting in a more 

structural organization. 

 

 
Fig.1 Illustration of the three different strategy: non-covalent, covalent and combined 

approach. The details are discussed in the text. 
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1.1 
Aim of this thesis 

A mixed-approach to realize porphyrin-based nanostructures requires a 

deep comprehension regarding the covalent and non-covalent aspects underlying 

the nanostructures’ synthesis. As a consequence, the aim of this thesis is to 

investigate and explain the combined strategy through the following two-fold 

strategy, highlighting strengths and limits: i) supramolecular synthesis based on 

porphyrin nanostructures, and ii) covalent synthesis based on polymerization of 

covalent frameworks. 

For the first strategy, I performed most of my doctoral work at Università 

degli Studi di Catania (Italy), in the laboratory “Laboratorio di Spettroscopia dei 

Sistemi Complessi” (LSSC) under the supervision of Professor Roberto Purrello, 

specialised in supramolecular aggregation of porphyrin systems. Here, my 

doctoral research was addressed to achieve some one-, two- and three-

dimensional porphyrin-based nanostructures by using a supramolecular template 

to control the final aggregation. The entire Section I, including Chapters 3 and 4 

of this thesis concern such arguments. 

In particular, I explored the role played by polyelectrolytes (e.g. polylysine) 

to promote the aggregation of porphyrins through electrostatic self-assembly, 

assisted by dispersive forces, in aqueous solution (Chapter 3). We succeeded in 

understanding how the polylysine chain length affects the formation, kinetics, 

and chirality of J-aggregates formed after ZnTPPS4 demetallation at pH < 

1.5.[28,29] 

In another step, I examined the importance of calix[4]arene templates to 

govern the porphyrin self-aggregation (Chapter 4). We achieved novel one-, two- 
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and three-dimensional complexes by using the host-guest  interactions between 

cationic bis-calix[4]arenes and synthetic anionic sulfonate-porphyrins. 

Furthermore, we demonstrate the possibility to control another significant 

property, the Chirality. These findings support our hypothesis about the presence 

of an electronic communication between the porphyrin building blocks into the 

supramolecular complexes. 

For the second strategy, I moved to Universidad Autónoma de Madrid as 

visiting PhD student under the supervision of Prof. Félix Zamora - expert in 

covalent self-assembly – for a one-semester research period. The Section II and 

Chapter 5 treat this subject. 

In the Zamora’s research group, I acquired skills about synthesis and 

characterization of  Covalent Organic Frameworks (COFs). There, I learned the 

needed steps to synthesize the covalent RT-COF-1 starting from suitable 

monomers.[30,31] Then, we characterized the polymer and we also tested its 

performance in terms of adsorption of dye pollutants from water. Nevertheless, 

in Madrid, I examined in depth the basic concepts of the covalent synthesis in 

order to increase my knowledge in that matter. 

For the sake of readability and clarity, I have preferred to organize this 

thesis in two sections, one for each strategy. In the following Section I, I will 

discuss about Supramolecular Chemistry, molecular building blocks, their non-

covalent self-assembly and my research activity at Università degli Studi di 

Catania. Instead in the Section II, I will illustrate the covalent approach based on 

COFs and the research work conducted at Universidad Autónoma de Madrid. 
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2.1  

Supramolecular Chemistry 

The term supramolecular is a widespread word employed since late 1960s 

to describe complex biological structures, although early examples of 

supramolecular systems were illustrated at the beginning of 19th century by Sir 

Humphry Davy owing to the discovery of chlorine clathrate hydrate, that is the 

inclusion of chlorine within a solid water lattice.[32–34] The modern point of view 

of Supramolecular Chemistry dates back to Lehn’s Nobel Prize lecture in 1987 

where it was defined as “chemistry beyond the molecule”.[8] Since then the 

keyword “Supramolecular Chemistry” has grown exponentially in literature 

including, as well, host-guest chemistry or molecular recognition. The latter two 

put their roots down in the “lock and key” mechanism of biological catalysis 

proposed by Emil Fischer in 1894.[35–37] 

However, the description given by J.M. Lehn during his Nobel Prize 

Lecture is relatively incomplete; in fact, many reactions as polypropylene 

synthesis or solidification of cement can be defined as “chemistry beyond the 

molecule”. Likely, a more accurate definition was due to J.M. Lehn himself in 

1990, describing the Supramolecular Chemistry as “the designed chemistry of 

intermolecular bond”.[38] This has involved a change in the mindset of chemists, 

from single molecules often constructed step-by-step via direct covalent linkages, 

towards large molecular assemblies with their usual non-covalent weak 

intermolecular bonds (Fig.2). These intermolecular bonds include electrostatic 

interactions, hydrogen bonding, π-π interactions, Van der Waals forces and 

hydrophobic or solvophobic effects. [7,39,40] 
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Fig.2 Example of a supramolecular assembly. Reproduced from ref. [41]

 

Nowadays, we consider the Supramolecular Chemistry as interdisciplinary 

field of research Supramolecular chemistry is a multidisciplinary field which 

engages different areas, from the traditional organic and inorganic chemistry, 

essential to synthesise the precursors for a supermolecule, to physical chemistry 

and computational chemistry, needed to understand the properties and the 

behaviour of complex supramolecular systems.[42] The basis of Supramolecular 

Chemistry start from the observation of Nature and related phenomena, such as 

protein folding processes or molecular recognition between enzyme and substrate 

are relevant examples. In addition, an high degree of technical knowledge is 

required in order to apply supramolecular systems to the real world, such as the 

development of nanotechnological devices.[40,43–46] The promise of useful 

molecular devices remains a motivation for the continuing widespread interest in 

this field.  

In principle, the Supramolecular Chemistry refers to two wide groups: i) 

host–guest chemistry and ii) self-assembly. The main difference between these 

two categories can be described in terms of size and shape.[39,40] 
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If one molecule is expected larger than another and can enclose around it 

then it is labelled as “host” and the smaller molecule is its “guest”. which 

becomes entrapped by the host (Fig.3).[40] 

 

 
Fig.3 Some examples of supramolecular host-guest complexes between calix[4]arenes (hosts) 

and porphyrins (guests). Reproduced from ref.[47]

 

On the contrary, whether there are no species is acting as a host for another, 

more species may form supramolecular assemblies spontaneously, in a process 

termed self-assembly.[40] Strictly, self-assembly is an equilibrium between two or 

more molecular components to produce an aggregate with a structure that is 

dependent only on the information contained within the chemical building 

blocks.[43] Noteworthy, self-assembly is usually a spontaneous process but could 

be influenced by solvents or the presence of template (e.g. small molecules, 

aminoacids, polymers, polyelectrolytes, polypeptides, DNA, etc.).[40] In both 

cases, host-guest interactions and template self-assembly, some concepts such as 

complementarity,[39,40,42,48] pre-organization[38,40,48] and co-operativity[40,49–51] of 

the binding sites play a key role in the deep comprehension of the supramolecular 

phenomena.  

In other words, when an host (or a template) discloses a preference for a 

particular guest (or family of guests), is said to show selectivity towards its 
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guest.[40] As such, the selectivity depends on several factors, first of all, the 

complementary. Complementarity plays an important role in biological and 

supramolecular systems, for example, in the function of enzymes, described for 

the first time by above-mentioned Emil Fisher in 1984 through the “key and lock” 

model.[36] A supramolecular interaction shows complementary when both the 

host and guest own mutual spatially and electronically complementary binding 

sites to form a supermolecule.[39] 

The idea of pre-organisation, first proposed by Cram,[52] implies that if the 

binding sites of a host molecule are arranged more similar for binding to a guest, 

minimal changes in the degrees of conformational freedom of the host are 

expected. As a consequence, the entropic costs - in terms a loss of degrees of 

freedom – are minimized, thus, making favourable the overall free energy of the 

host-guest complex formation.[39,40,52] 

Moreover, another remarkable aspect which can reduce the entropic costs 

is the co-operativity. Indeed, if two or more binding sites - acting in a concerted 

fashion - produce an interaction stronger than when the binding sites act 

independently, we refer to co-operativity effects.[40,50,53,54] For example, we 

observe a positive co-operativity[40,54] when the presence of the first species 

increases the receptor’s affinity for the second species and arises in various 

biological processes and contributes to explain the allosteric effect in enzymes.[50] 

Instead, negative co-operativity is the reverse of positive co-operativity and there 

are only few examples in Nature.[40] 

Furthermore, a supramolecular synthesis follows rigid hierarchical rules. 

Hierarchy is a kinetic time-dependent process in which the self-organization of 

simple elements, following a specific sequence of complexation events, leads to 

multi-part supramolecular architectures.[55–57] This phenomenon is also called 

sergeant-soldier principle,[56,58–62] in other words: the sequence of the individual 
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molecular components in the final product derives from the sequence of chemical 

events (e.g. addition order of each molecular species). 

The non-covalent synthesis contrasts with the covalent approach, in which 

covalent bonds play a key role in the creation of new molecular structures. 

Although in some cases the covalent approach allows to reach an high degree of 

complexity in the formation of organized structures compared to the non-

covalent one, the non-covalent approach takes advantages of green reagents, 

minimal energy costs and reduce waste. The principles and phenomena described 

within this chapter are the basic concepts upon which supramolecular chemistry 

is based; a union of these phenomena can lead to intricate and complex systems.  

As a consequence, the choice of suitable molecular building blocks is an 

essential part to obtain predefined self-assembled supramolecular 

architectures.[5,40,63] As illustrated, the supramolecular synthons should be as 

complementary as possible - in terms of of size, shape and chemical properties 

(charge, hardness, acidity, etc.) - to maximize the interactions in order to facilitate 

the building of the desired supramolecular complexes. 

Due to different degree of pre-organization and synthetic versatility, large 

cyclic molecules or macrocycles represent important groups of compounds 

employed in supramolecular chemistry.[39,43,64] Porphyrins, phthalocyanines and 

calix[n]arenes are just some examples of molecular building blocks. In the next 

chapters, porphyrins as molecular building blocks in self-assembled systems will 

be discussed. 
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2.2  

Porphyrins 

The term Porphyrin derives from Greek word πορφύρα (porphura, meaning 

purple) and comprises an interesting class of macrocycle rings involved in a wide 

variety of biological processes ranging from oxygen transport to photosynthesis 

and catalysis.[65,66] In Nature, chlorophylls and hemes constitute important 

examples.[65,67] The former play pivotal roles in photosynthesis as both light 

harvesting antennae and charge separation reaction systems.[68] The latter are one 

of the key components for biocatalysts and oxygen carriers in the blood.[68] It is 

not an hyperbole to assert that no life can exists on Earth without porphyrins. 

In chemical terms, porphyrins consists of four pyrrole subunits linked via 

methine bridges at the pyrroles’ α carbon atoms, as illustrated in Fig.4. According 

to Huckel’s rule,[69] this macrocycle is a planar and aromatic ring containing 22-

π electrons of which only 18 of them are delocalized (4n + 2 delocalized π-

electrons, where n = 4). As result of this extensive conjugation, porphyrins are 

intensely coloured and strong absorption in visible zone of the Uv-Vis spectrum 

are expected. The porphyrin core (i.e. nucleus) is a tetradentate ligand with a 

diameter of 3.7 angstrom approximately, suitable for binding most of transition 

metals (e.g. Fe, Cu, Zn, Sn, Ni, Mn etc.).[67,70] The coordination causes the 

removal of two protons from the pyrrole nitrogen atoms, leaving two negative 

charges. The porphyrin complexes with transition metal ions are very stable, for 

instance the stability constant for ZnTPP ,Zinc(II) mesotetraphenyl porphyrin, is 

1029.[67] 
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Fig.4 Free base porphyrin structure.

 

Porphyrins have been studied and employed in a wide variety of research 

and disciplines comprising photosynthesis,[71,72] photovoltaic cells,[73–75] 

photodynamic therapy,[76–78] sensing,[13,79–82] conductive organic materials,[83,84] 

information storage,[85,86] NLO materials,[87–89] molecular wires,[90,91] metal-

ligands supramolecules,[92–94] self-organized nanomaterials[95–97] and so forth. 

However, the design the tailored porphyrin is essential in order to achieve these 

fascinating features. For instance, i) hydrophilic or charged substituents can be 

inserted to increase solubility in water; ii) porphyrins for photovoltaic 

applications require donor and acceptor moieties at exact positions; iii) in 

electron transfer based on porphyrin aggregates appropriate redox potential is 

necessary.[68,98] 

In addition, such complex and elaborate structures are difficult to prepare 

using only conventional covalent approach and related porphyrin synthesis. For 

this reason, an accurate functionalization is a fundamental step towards the 
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design of tailored porphyrin building blocks useful in functional supramolecular 

materials.[98] 

Post-functionalization of porphyrins can be classified into two large 

categories: one is the skeleton-functionalization and the latter is the porphyrin 

core-functionalization.[98] In the case of skeleton-functionalization, the porphyrin 

ring is directly functionalized at the meso- and/or β- positions (see Fig.4). In 

particular, the meso-functionalization is easy, and the corresponding derivatives 

give rise to the meso-porphyrin group. On the other hand, meso-substituents can 

be further functionalised with specific groups or charged moieties in order to 

confer unique features in the whole macrocycle. Moreover, as above-mentioned, 

metals can be inserted into the porphyrin core leading to the formation of the 

metallo-porphyrins; in this latter case we refer to the porphyrin core-

functionalization.[98] 

It is undeniable that the spectroscopic behaviours are highly depending on 

the presence of substituents and/or metals in the porphyrin ring.[68,98,99] The large 

aromatic nature of porphyrins and their derivatives is responsive for the intense 

absorption properties in the UV/Vis region, mainly owing to π – π* (HOMO – 

LUMO) electronic transitions.[99,100] 

A typical UV/Vis spectra of porphyrins exhibit absorptions in two regions 

termed Soret or B-band (~380–450 nm) and Q-bands (~500–800 nm).[99–101] The 

strong Soret-band is due to the second excited transition state (S0 → S2), whilst 

the weak Q-(quasi-allowed) bands are ascribable to the first excited state (S0 → 

S1).
† [99,100] Theorical analysis of the Soret band and Q- bands have been 

developed by Martin Gouterman in the 1960s who proposed his semi-quantitative 

Four Orbital Model to explain the spectra of porphyrins,[102,103] a mixture of 

Hückel and Configuration Interaction (CI) theory. 

 
† Internal conversion from S2 to S1 is rapid so fluorescence is only detected from S1. 
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According to his theory, the main frontier molecular orbitals are four 

molecular orbitals, two highest energy occupied (HOMOs) and two lowest 

energy unoccupied molecular orbitals (LUMOs), respectively. In a metallo-

porphyrin, with symmetry group D4h, the two HOMOs transform‡ as a1u and a2u, 

instead, the two LUMOs transform both as eg (Fig.5). 

 

 
Fig.5 Gouterman’s Four Orbital Model for a generic metallo-porphyrin with symmetry D4h. 

The scheme is described in the text.

 

In accordance with the Gouterman’s model: i) the eg molecular orbitals are 

strictly degenerate (see Fig.5-right); ii) the a1u and a2u molecular orbitals are 

quasi-degenerate (defined by Gouterman as “accidently degenerate”, see Fig.5-

right); iii) the electronic configuration of the ground state is a1u
2a2u

2 (with 

 
‡ according to the irreducible representations of the symmetry group 
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character 1A1g). Accordingly, the lowest singlet excited states show 

configurations a2u
1eg

1 and a1u
1eg

1, both of 1Eu character. 

One may envision that this would lead to two absorption bands of very 

similar energy due to the a1u → eg and a2u → eg electronic transitions (Fig.5-

right). However, by analyzing the UV/Vis spectrum of a hypothetic metallo- 

porphyrin (Fig.6) we observe an intense band about 400 nm (that is the Soret or 

B -band) and two weak bands above 500 nm (i.e. Q0 and Q1 -bands).  

 

 
Fig.6 Spectra of a generic metallo-porphyrin.

 

Martin Gouterman explains these spectroscopic evidences in terms of 

configuration interaction (CI) between the two near-degenerate singlet excited 

states a2u
1eg

1 and a1u
1eg

1. In particular when the the transition dipoles of the two 

configurations are constructive, the resulting resonance yields the intense Soret 

or B(0,0) band. On the contrary, if the transition dipoles of the two configurations 

interacts deconstructively, the corresponding resonance leads to the weak Q(0,0) 
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band – namely Q0 in spectrum shown in Fig.6. Noteworthy, the Q0 band is 

actually forbidden, however it can “borrow” intensity by the Soret band through 

a vibronic coupling, decreasing the Soret band’s intensity about 10%. In addition, 

the higher-energy Q band – namely Q1 - at relatively constant energy separation 

from Q0 is its vibrational overtone (higher of one vibrational mode, ca. 1250 cm-

1) and is denoted as Q(1,0). 

The difference in the positions and the intensities of the bands observed in 

the various porphyrin and porphyrin-like derivatives, including the metal-

complexes, are explained by the perturbation induced in the relative energies of 

the four orbitals by the substituent on the porphyrin macrocycle and/or by the 

interaction with the metal orbitals.[104] Because of their nodal properties, the d 

orbitals of a transition metal are not suited to direct interactions with the π frontier 

orbitals, as can be verified from Fig.5. According to Gouterman,[102] the main 

effect of the metal on the spectrum results from conjugation of its empty pz orbital 

with the π electrons of the rings, which involves the occupied frontier orbital with 

a2u symmetry. In spite of this modest influence on the spectrum, the inclusion of 

a metal atom in the porphyrin macrocycle can generate strong electrostatic and 

charge transfer (CT) interactions.[104] For this reason, the metallo-porphyrins can 

be divided into two groups based on their UV/Vis and fluorescence 

properties.[105] Regular metallo-porphyrins contain closed-shell metal ions (i.e. 

transition metals d0 or d10 such as ZnII ); in this case the dπ metal-based orbitals 

are fully-filled and relatively low in energy. As a consequence, they have very 

little effect on the porphyrin spectra, making the electronic transitions confined 

within delocalized π-system of the porphyrin ring. Conversely, in porphyrins 

containing open-shell metal ions (that is, transition metal with partially-filled d 

orbitals - dm m= 6-9) can occur MLCT (Metal-Ligand Charge Transfer) 

transitions between the highest occupied metal dπ orbital and the empty π* (eg) 

orbital on the porphyrin. This Metal-to- ligand π backbonding accounts for the 
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increasing of the porphyrin  π - π* gap energy and a blue shift (i.e., hypsochromic 

effect) in the Soret band is revealed.[106]† 

A key-difference between the spectra of metallo-porphyrins and their free-

base counterparts is the number of Q-bands: a free-porphyrin owns the typical B-

band and further four Q-bands. This results from the reduced symmetry of the 

free-base (D2h) so that the two axes defined by opposite pyrrole nitrogen atoms 

are no longer equivalent affecting further splitting of the electron 

transitions.[99,100]‡ 

The intriguing electronic and spectroscopic features discussed so far make 

porphyrins appealing molecular synthons for building functional multi-porphyrin 

assembly. In the next chapter, porphyrin self-assembly and related topics will be 

treated. 

 

 
† Non-Regular porphyrin are also labelled as Hypsoporphyrins 

‡ As a result of the reduced symmetry in free-base porphyrin, also the eg orbitals are quasi-

degenerate and more electronic transitions are expected. Consequently, the configuration 

interaction between the new transition dipoles generates four Q-bands. 
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2.3 

Porphyrin self-assembly 

The importance of multiporphyrin assemblies is observed in Nature, where 

most of systems are based on several porphyrins -or their derivatives- and 

arranged in a well-organized in order to define electronic or catalytic 

properties.[107] Without doubt, the most important chromophoric array that is 

found in nature is the light-harvesting complex employed for photosynthesis by 

green plants and purple bacteria.[108–111] Another interesting example of a multi-

porphyrin assemblies is that of cytochrome c3, a hemoprotein isolated from the 

sulphate-reducing bacteria of the genus Desulfovibrio.[112] The X-ray structure 

shows that the four hemes of the system are arranged in a non-parallel fashion.[113] 

Noteworthy, the conventional synthetic strategies to build porphyrin arrays 

have generally provided quite limits; numerous steps followed by laborious 

separation of reaction mixture, resulting in a low product yield.[114,115] 

Conversely, self-assembly has emerged as a viable alternative to covalent 

synthesis in the construction of large multi-component porphyrin 

architectures.[114,116] Nevertheless, the common characteristic of all biological 

self-assembly processes is the ability to take advantage of various weak 

noncovalent interactions between preformed building block to guide the 

formation of a superstructure.[117] In fact, noncovalent interactions are 

responsible for the stability of the final structure as a result of the reached 

thermodynamic minimum.[114,117] Non covalent self-assembly  is an approach that 

offers several advantages, that is i) easy synthesis of monomers, ii) 

thermodynamically stable final structures, and iii) the possibility of self-repair, 

due to intrinsic nature of non-covalent bonds.[116] 
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The structure and spectroscopy of the porphyrin  aggregates are of much 

interest because of the special properties and possible technological applications 

of the mesoscopic materials which are intermediate between molecules and 

solids.[118] Although an aggregation process may lead to various types of 

assemblies, in a more wide-ranging view, of particular interest are those 

aggregates in which the molecular arrangement is highly ordered, and unique 

electronic properties are expected. In this sense, pure H- or J- aggregates appear 

as striking models for understanding molecular interactions in aggregation 

processes and for technological applications in molecular devices.[95,118] 

In J- aggregates, monomers are organized in such a way as to ensure an 

edge-to-edge (or side-by-side) arrangement in one dimension (Fig.7-right). As 

such, electric dipole moments of the monomers are parallel and the angle between 

the transition moment and the line joining the molecular centres is zero (ideal 

case).[95,118–120] The first independent observation of J- aggregates is due to E.E. 

Jelley (from which the initial “J-“), who discovered the phenomenon first, in 

1936.[121]  Contrarily, H- aggregates (H- for hypsochromic, see below) are a one-

dimensional face-to-face arrangement of strongly coupled monomers (Fig.7-

left). Here, the electric dipole moments of the monomers are perpendicular (ideal 

case) and the angle between the transition moment  and the line of molecular 

centres is 90°.[95,118–120] 

These aggregates exhibit remarkable spectroscopic differences in the 

absorption band compared to the monomeric species.[118,122] Perhaps, the first 

significant explanation concerning their photophysical properties dates back to 5 

decades ago, thanks to was A.S. Davydov -in molecular crystals-,[123] and 

resumed by M. Kasha in non-crystal molecular aggregate.[124] 
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Fig.7 Example of H- and J- aggregates from a generic porphyrin monomer.

 

In comparison with the single monomer, Kasha showed that molecular 

dimers arranged face-to-face - i.e. H-aggregates- exhibit a blue-shifted absorption 

maximum (hypsochromic effect), whereas dimers stacked edge-to-edge exhibit a 

red-shifted absorption maximum. To explain these shifts, M. Kasha applies the 

Molecular Exciton Theory to molecular dimers by resulting in the exciton 

coupling model.[122,124] 

Exciton Coupling Model lends itself a quasi-classical vector model by 

considering a monomer as a chromophore characterized by an electronic HOMO 

- LUMO transition S0 → S2 (see previous chapter 2.2 at pag.5 and Fig.6) with 

energy ΔE, and transition dipole moment �⃗⃗� , both of which are independent of the 

chromophore’s position. In a dimer, the single chromophores’ transition 

moments can interact through a long-range Coulombic interactions and/or by 

short-range exchange (i.e. Dexter’s electron overlap).[125] However, the Exciton 

Coupling Model retains only the electrostatic interactions between the two dipole 

moments in the chromophores’ coupling.[122,124] Therefore, the electrostatic 

coupling provokes a split in the exciton states (that is, exciton splitting) by 
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generating allowed and forbidden electron transitions which depends on 

geometric arrangements, J- or H- stacking (Fig.8).[124] 

 

 
Fig.8 Schematic illustration of the “Exciton splitting model”. Detailed description in the text.

 

Fig.8 shows the energy level diagrams of the exciton splitting as a result of 

the interactions of two identical monomers, in two boundary geometries: i) 

parallel arrangement, namely H-type (Fig.8-left) and ii) in-line arrangement, that 

is J-type (Fig.8-right). 

In the case of H-type (Fig.8-left), when the electric dipoles interact out-of-

phase the coupling is electrostatically favoured and a lower energy level EH′ is 

obtained. Otherwise, in-phase coupling gives repulsion so that the energy level 

EH′′ is displaced upwards from the origin. The transition dipole moment �⃗⃗�  is 

given by the vector sum of the individual transition dipole moments in the 

assembly. Thus, transitions from the ground state to exciton state EH′ are 

forbidden (𝜇 = 0), while transitions from the ground state to higher exciton state 
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EH′′ are allowed (𝜇 ≠ 0). Consequently, the ΔEH transition in H-dimer is more 

energetic and a blue-shifted absorption is expected.† 

Regarding the J-type (Fig.8-right), from the diagram it is readily seen that 

the in-phase arrangement of transition dipoles leads to an electrostatic attraction, 

producing the lower excited state EJ ′, whereas the out-of-phase arrangement of 

transition dipoles causes repulsion, producing the higher state EJ ′′. On the other 

hand, the transition moments are finite for electric dipole transitions from the 

ground state to EJ ′ (𝜇 ≠ 0)., and 0 to the state EJ ′′ from the ground state (𝜇 = 0). 

Thus, it will be apparent that the in-line transition dipole case will lead to the 

observation of a strong spectral red shift for the transition in the dimer compared 

with that for a monomer. 

The exciton splitting energy (often called Davydov splitting), 

corresponding to the separation  

Δ𝜉 = 𝐸′′- E′  

 (eq.1) 

is given by the equation:[122,124] 

Δξ =
2 |μ⃗ |2

r3
 (cos α+3 cos2Θ) 

 (eq.2) 

where 𝜇  is the transition moment for the singlet-singlet transition in the 

monomer, r is the center to center distance between the monomers in the dimer, 

α is the angle between-polarization axes of the two monomer absorbing units and 

Θ is the angle made by the polarization axes of the monomers with the line of 

molecular centers. A characteristic feature of exciton theory is illustrated by 

 
† Compared to the electronic transition ΔE of the single monomer. 
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equation 2. It is seen that the exciton splitting energy is directly related to the 

square of the transition moment for the monomers. Thus, greater the intensity of 

light absorption in the single monomer, greater is the exciton band splitting. 

Another characteristic feature of exciton theory is the dependence of the exciton 

splitting on the inverse cube of the intermolecular distance. Finally, the 

geometrical parameters enter in the manner characteristic of the structure of the 

composite molecule. 

If a chromophore is chiral†, its interaction with polarized light is very 

specific and can provide important methods for characterizing both small 

molecule and supramolecular structures. Essentially, one type of measurements 

commonly made to determine the effects of polarized light on asymmetric 

molecules is Circular Dichroism (CD), which is defined as the difference in 

absorption of left-hand and right-hand circularly polarized light with optically 

active compounds.‡[126,127] Furthermore, when two (or more) asymmetric 

chromophores are located near in space and have a proper (chiral) mutual 

orientation, the electronic coupling occurs (see the Kasha’s model above), 

causing, in turn, a strong magnetic coupling.[127] As above-reported, the splitting 

of excited states reflects in a split or broadened absorption band, centered around 

the wavelength transition λ0 of the isolated chromophore. If the two transition 

moments are not coplanar, the magnetic moment generated by the oscillating 

dipole 1 at the end of the vector 𝑟12⃗⃗⃗⃗  ⃗ will be nonorthogonal to dipole 2, and vice-

versa. As a consequence, a bisignate CD couplet is generated around λ0 as 

illustrated in Fig.9.[127] 

 
† A molecule is considered to be chiral (or asymmetric) when its mirror image is not 

superimposable. 
‡ In other terms, CD can be measured only in correspondence to chromophores’ absorption bands. 

See Appendix of this thesis for a detailed description about Circular Dichroism. 
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Fig.9 (a) Splitting of the excited states of two degenerate exciton-coupled asymmetric; (b) 

definition of geometrical parameters necessary for predicting CD sign; expected absorption (c) 

and CD spectra (d) in case of exciton splitting as shown in (a): component spectra thin lines in 

blue/red, resultant spectra thick lines in violet. The distance between the peak and the trough of 

the split CD curve is called amplitude or A. All figures are reported from ref.[127] 

 

The sign of exciton chirality can be evaluated in the following way: upon 

looking through the centers of the two dipoles, a negative sign is defined when 

an anticlockwise rotation by an acute angle brings the dipole in the front onto that 

in the back (see Fig.9-b). The exciton chirality rule states that a positive chirality 

corresponds to a positive CD couplet and vice-versa.[127] 

The simplest examples of self-assembly processes are those concerning 

homo self-aggregation of the diacid (zwitterionic) forms of the anionic 

porphyrins.[128] Among them, a special place is occupied by the processes 

involving the protonated form of meso-tetrakis(4-sulfonatophenyl)porphyrin, 

H4TPPS4 (pKa  4.8, see Fig.10). Indeed, under acidic conditions (pH < 2.5), 

H2TPPS4 is converted to the protonated species and forms both J- (edge-by-edge 

assemblies) and H-aggregates (face-to-face stacking).[120] This spontaneous self-

assembly through non-covalent events is strongly dependent, in aqueous solution, 
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on many chemical–physical parameters, i.e. pH, concentration, time, ionic 

strength, and the history of solution preparation.[57,129–131] 

 

 

Fig.10 Acid-base equilibrium between free-base H2TPPS4 and its protonated form, H4TPPS4.

 

If a chiral (non-racemic) guest and an achiral chromophoric molecules as 

host (e.g. crown ethers or calixarenes) form a chiral host–guest complex, a CD 

signal is induced (Induced Circular Dichroism - ICD) within the absorption 

bands of the host.[127,132] Inversely, a small guest molecule which is achiral and 

hence its chromophores are optically inactive, upon binding to a biopolymer host, 

such as proteins, polypeptides, oligonucleotides, oligosaccharides may produce 

an induced CD due the chiral perturbation by the biopolymer host.[126,127,132–134] 

Nevertheless, the coupling between several guest molecules bound to different 

sites of a macromolecular host may result in a significant induced CD 

spectrum.[135] In several cases, CD lends itself not only to a detection of host–

guest interactions, but also to the analysis of binding modes, association–

dissociation kinetics and thermodynamics.[127] 

In this regard, supramolecular arrangements of achiral molecules, such as 

porphyrins, can result in chiral supramolecular structures as a consequence of 

energy minimization of the final aggregate structure. The first evidence that it is 

possible to exert a fine control on chirality of supramolecular J-aggregates 
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through chiral agents and stirring forces is due to the Kobayashi’s group in 

1993.[120] In addition, Barcelona’s group led by Ribò. demonstrated that 

clockwise or counter-clockwise rotation of a vessel, during the slow evaporation 

of a solution containing the protonation form of meso-tri-solfonatephenyl 

porphyrin (H4TPPS3), induces the two enantiomeric forms of the J-

aggregates.[136]  

However in the absence of chiral perturbation, chirality can also be induced 

using chiral templates such as polymers, aminoacids or chiral metal-

complexes.[16] In this respect, aggregation of water-soluble porphyrins onto 

oppositely charged polymeric chiral templates constitutes not only a quite simple 

strategy that allows for building tailored supramolecular species, but it is also a 

direct way to rule chirality of porphyrins at a supramolecular level.  

For this reason, in the next chapters I will illustrate, first, the principles of 

the state-of-the-art concerning the porphyrin self-assembly modulated by 

polypeptides and afterwards, the experimental evidences discovered at Università 

degli Studi di Catania in this field. 
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3.1 

Porphyrin aggregation modulated by 

polypeptides : State-of-the-art 

In Green Plants, the photophysical properties of the supramolecular 

systems, chlorophyll pigment-protein matrix, are supposed to be responsible for 

the process of photosynthesis.[137] For this reason, since the early 1980s numerous 

investigations were performed about hypothetical pigment-matrix models. 

Nevertheless, in 1972 Pasternack et al. published an extensive work regarding 

the self-aggregation of water soluble meso-functionalized porphyrin.[138] This 

latter study paved the way to the large employment of porphyrins, and related 

derivatives, as artificial pigment to investigate and reproduce the natural 

photophysical process. 

In this context, Pancoska et al. demonstrated that the meso-tetrakis(4-

carboxyphenyl) porphyrin, H2TCPP (Fig.11), is able to interact with poly(L-

lysyl-L-leucyl-L-alanine)n , LLA, and poly(L-lysyl-L-alanyl-L-alanine)n , LAA. 

In fact, the coulombic interactions between the anionic H2TCPP and protonated 

ε-amino groups in the side chain of the amino acid L-lysine incorporated 

regularly into the polypeptide primary, simulates the pigment-protein complex in 

vivo accurately.[139,140] They observed that the maximum absorbance of a pure 

buffer solution (pH=7.2, [H2TCPP]= 10-5M) of H2TCPP (λmax = 413nm) differs 

than H2TCPP-LAA, λmax = 405nm, and H2TCPP-LLA, λmax = 421nm. In 

particular, both overall intensity and band intensity depend on the concentration 

of added polypeptide (Fig.12). 
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Fig.11 Molecular structure of the main porphyrin discussed in this section. 

 

 

Fig.12 (a) Soret region of the absorption spectra of free H2TCPP and H2TCPP-LAA complexes. 

The curves for the complexes are identified by increasing the polypeptides/porphyrin ratio. Blue-

shifted maxima characterizes the complexed pigment. (b) Soret region of the absorption spectra 

of H2TCPP and H2TCPP-LLA complexes. The curves are identified as above. Maxima for the 

complexed pigment are red-shifted compared with those of the free pigment. 
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Furthermore, a circular dichroism signal is induced in the Soret region by 

the interaction of the rigidly fixed H2TPPC with the chiral LLA and LAA 

polypeptide molecules (both in α-helix at this experimental conditions) as 

reported below in Fig.13. 

 

 
Fig.13 Induced circular dichroism spectra of porphyrin complexed with LAA (solid line) and 

LLA (dashed line). Porphyrin/polypeptide ratio is 2:1 in both samples.

 

The author explained of these changes in terms of the appearance of new 

absorption bands and induced CD as a result of the (chiral) peptide field which 

removes the porphyrin’s symmetry-forbidden character.[139,140] 

Afterwards, Pasternack and Gibbs demonstrated an extensive interaction 

between the di-cationic trans-bis(N-methylpyridinium-4-yl) diphenyl porphyrin, 

trans-H2Pagg and anionic polyglutamate at pH 4.5 (α-helix) and 7 (random coil) 

by means of the appearance of an intense induced CD in the Soret region 

(Fig.14).[141,142] 
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Fig.14 Induced CD spectrum of trans-H2Pagg with polyglutamate at pH 4.5 and [NaCI] = 100 

mM; L-Polyglutamate (dotted plot); D-polyglutamate (solid plot).

 

Authors conclude that porphyrins are able to form long-range assemblies 

on a polymer template (both in helix-conformation and random coil) depending 

on the tendency of the porphyrin to aggregate in the absence of the polymer . 

Nevertheless, such arrays should be possible on any helical polymer to which the 

porphyrins will bind.[141,142] 

Bellacchio et al. in 1998 illustrated that the aggregation processes for i) 

tetra-anionic meso-tetrakis-(4-sulfonatophenyl) porphyrin, H2TPPS4 (Fig.11), in 

presence of protonated polylysine[19] and for ii) tetra-cationic copper(II) meso-

tetrakis(4-N-methylpyridyl)porphyrin, CuT4 (Fig.11), with negatively charged 

polyglutamate[143] lead to formation of chiral binary species, kinetically labile by 

pH tuning in a reversible fashion (see below). 

In the first case, the evidence of an extensive H2TPPS4 self-assembly onto 

the polylysine is confirmed by i) remarkable hypochromicity and blue-shift in the 

Soret band (Fig.15-left) and ii) an induced CD signal in the same Uv-Vis region, 

demonstrating the chirality transfer from chiral mould to the porphyrin 
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arrangement (Fig.15-right). Notably, if the pH value is increased up to 10 (from 

pH=7), the ICD signal is observed to be amplified. This latter effect may be 

explained in a major spatial organization of the chromophore when an α-helix 

conformation of the polylysine is reached (at pH = 7 the polylysine is mostly in 

random coil conformation). 

 

 
Fig.15 Left-Absorption spectra of H2TPPS4 (1 µM) in the absence (continuous line) and in the 

presence (dotted line) of polylysine (100µM). The inset shows the second derivative of the 

spectrum obtained in the presence of polylysine. Right- CD spectra of H2TPPS4 (1 µM) in the 

presence of polylysine(100 µM), at pH 7 (solids line) and pH 10 (dotted line).

 

Moreover, the electrostatic interaction between cationic CuT4 and anionic 

poly-L-glutamate is shown thanks to the appearance of optical activity in 

porphyrin’s B-band (curve a in Fig.16). The labile nature of such binary 

aggregates is also illustrated by the ICD inversion when a strong excess of the D-

enantiomer is added to the same system (curve b in Fig.16). 

 



3.1 Porphyrin aggregation modulated by polypeptides: 

State-of-the-art 

 

34  

 
Fig.16 CD spectra of: (a) a solution of CuT4 (4 µM) in the presence of poly-L-glutamate (200 

µM) at pH 3.6 and (b) the same solution, after the addition of a 4-fold excess of poly-D-glutamate.

 

To date, the experimental evidences of the interaction between ionic 

porphyrins and oppositely charged polypeptides have been well-discussed. It is 

worth to consider that anionic porphyrins, such as H2TPPS4, are not able to bind 

anionic matrices directly, e.g. poly-glutamate, as a result of electrostatic 

repulsions. However, the presence of a cationic constituent pre-organised onto 

anionic polypeptide may lead to ternary supramolecular assemblies, promoting 

as well, the aggregation of the anionic dye. This hypothesis was confirmed, by 

adding the H2TPPS4 (at strong acid condition) in the system containing the 

binary assembly ZnT4-poly-glutamate (see Fig.11 for the structure of ZnT4).[119] 

As previously reported, H2TPPS4 can form J-aggregate as a consequence of the 

protonation and subsequent self-assembly, at acid pH values. Nevertheless, the 

appearance of an induced chiral signal in J-agg’s absorption band (λ  490nm) 

in Fig.17, as a result of the H2TPPS4 addition to preformed ZnT4-polyglutamate 

system, proves the formation of a ternary assembly. A reasonable explanation 

takes into account the fact that cationic metallo-porphyrin, ZnT4, acts as spacer 

minimizing the repulsion between two negative components (porphyrin and 
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polymeric template), by inducing as well, the lateral J-aggregation of anionic 

porphyrins H2TPPS4 because of stacks being prevented for steric or charge 

repulsion reasons.[119] 

 

 
Fig.17 ICD spectrum of H2TPPS4 (5 µM) in the presence of ZnT4 (5 µM) and poly-L-glutamate 

(50 µM). pH 2.9, citrate buffer 5 mM.

 

The first evidence of directly templated J-aggregates onto polypeptide 

matrix was due to Periasamy in 2003.[95] His research group observed that poly-

(L or D)-lysine induces J-aggregation of H2TPPS4 more efficiently than 

monomeric lysine, see the black thin line in Fig.18. Only micromolar 

concentration of polylysine was required for complete conversion of the 

porphyrin monomer to its J-aggregate. Noteworthy, J-aggregates of H2TPPS4 are 

chiral and the chirality is induced by the optically active lysine in the template 

(data not shown).[95] 
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Fig.18 Absorption spectra of the monomer (dashed line) and J-aggregate of H2TPPS4 with l-

lysine (thick line) and poly-DL-lysine (thin line) in pH 3.0 buffer. Concentration of H2TPPS4 is 

9 μM in all cases. J-aggregate spectra were obtained using l-lysine (100 mM) and poly-DL-lysine 

(∼5 μM of polymer or 100 μM of lysine residues). 

 

Other very interesting examples concerning aggregation of the tetra-

anionic H2TPPS4 onto suitable templates were published from the groups of 

professors M. Liu[15] and E. Yashima.[144] The first group investigated the 

interaction of the protonated, zwitterionic form of H2TPPS4 (H4TPPS4) with L- 

and D-poly-lysine, observing the formation of chiral H- and J-aggregates. 

Interestingly, they reported that the exciton couplet of the J- and H-assemblies 

can have the same or opposite signs, thus suggesting different chirality. This 

difference was attributed to the hierarchical phenomenon (the different mixing 

sequence) and observed for poly-lysine to H2TPPS4 ratios higher than 4.[15] 

Yashima and co-workers have reported a very intriguing work in which an 

induced helix of poly(phenylacetylene) is, in turn, able to induce chirality to 

aggregates of H4TPPS4, which show memory of the induced chirality.[144] 

Of course, self-aggregation is mainly driven by protonation of the 

porphyrin core, but also or the presence of a metal in the porphyrin core strongly 

influences their aggregation pathway.[131] Moreover, metalloporphyrins can lose 
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their central metal ions in different experimental conditions depending on several 

factors, such as metal size and coordination, degree of covalent bonding, and 

oxidation state.[145] 

In this respect, tetra-anionic Zinc(II) meso-tetrakis-(4-

sulfonatophenyl)porphyrin (ZnTPPS4, see Fig.11) is a metallo-porphyrins 

widely studied for research field in photocatalysis and solar cells,[146,147] 

biochemistry and sensing.[148,149] It has been reported that ZnTPPS4 aggregates 

in the presence of polylysine, confirming the porphyrin aggregation onto 

oppositely charged matrices.[19,150] However, the self-assembly on PLL at neutral 

pH is limited to the formation of face-to-face dimers (with a characteristic 

absorption band at 414 nm, see dotted line in Fig.19-left), owing to the presence 

of one water molecule as an axial-ligand of central the metal Zn(II), see below 

Fig.19-right.[19,150] Nonetheless, water solutions of ZnTPPS4 are not steady under 

acidic conditions (pH < 4.5) leading to related demetalated/protonated forms 

(H2TPPS4, H4TPPS4).  

 

 
Fig.19 Left- Absorption spectra of ZnTPPS4 (1 μM) in the absence (continuous line) and in the 

presence (dotted line) of polylysine (25 μM). The inset shows the second derivative of the 

spectrum obtained in the presence of polylysine. Right- Schematic representation of a possible 

ZnTPPS4 dimeric form. 
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Recently, we have reported the behaviour of ZnTPPS4 solutions at 

different pH values, highlighting the role played by polyelectrolytes on the 

aggregation step after protonation in acid.[28] 

In particular, we observed that the poly-L-lysine (PLL) affects the overall 

demetallation/protonation process catalyzing at the same time the formation of J-

aggregates.[28] Probably, the PLL chain length may affects the formation, 

kinetics, and chirality of J-aggregates formed after ZnTPPS4 demetallation at 

acid pH values. These observations will be subject of the following chapter, 

describing as well, the first part of my experimental data. 
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3.2 

Results and Discussions  

The addition of HCl to a aqueous solution (2 µM) of ZnTPPS4 (Fig.11) 

(purchased from Sigma-Aldrich and used without further purifications, ε421nm/H2O 

= 6.83x105 M-1cm-1) triggers an vigorous demetallation followed by 

formation/protonation of H2TPPS4 visible by the shift of the Soret band 

maximum from λ = 421 to λ = 434 nm.[28,147,151] In particular, the demetallation 

of bare ZnTPPS4 has been studied at different pH. Fig.20 reports the decrease of 

Soret band at 421 nm (Fig.20-panel A) of ZnTPPS4 and the related increase of 

the band at 434 nm (Fig.20-panel B) attributed to H4TPPS4 (see Fig.10) 

formation upon varying time and solution acidity. 

 

 
Fig.20 Panel A: absorption variation at 421 nm vs. time of ZnTPPS4 solution (2 µM) at pH 7 

(black full circles), pH 4.5 (empty circles), pH 3 (black full triangles) and pH 1.5 (empty 

triangles). Panel B: absorption variation at 434 nm vs. time of ZnTPPS4 solution at pH 7 (black 

full circles), pH 4.5 (empty circles), pH 3 (black full triangles) and pH 1.5 (empty triangles). 
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As expected, protonation starts at pH < 4.5 and proceeds fastly upon further 

decreasing pH. Noteworthy, at pH = 1.5 an instantaneous protonation occurs: in 

fact, the initial absorbance value at 421 nm is significantly lower (about half) 

than that observed at higher pH, while a component at 434 nm is immediately 

observed in these conditions (Fig.20).  

Although H4TPPS4 owns a zwitterionic nature, the formation of J-

aggregates (λmax = 490 nm) is not observed in a diluted solution (2 µM) of 

ZnTPPS4 at pH 1.5, except when ionic strength is increased up to [NaCl] = 0.3 

M after 60 min. (see below blue continuous line in Fig.21). 

 

 
Fig.21 UV/Vis of 2µM ZnTPPS4 solutions at pH 7 (black dotted curve) and pH 1.5 (t = 0-red 

curve, 10 min-green curve, 60 min-blue curve) in presence of NaCl 0.3M at 25°C.

 

The intrinsic solvophobic nature of tetra-anionic porphyrins (well soluble 

in water) make them able to interact with polycationic templates by triggering 

system electrostatics as well as dispersive forces. Accordingly, 

demetallation/core protonation of ZnTPPS4 at pH values ranging from 7 to 1.5 

has been investigated by using cationic poly-L-lysine, PLL ([PLL] = 50µ, degree 
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of polymerization (dp) = 68). Cationic polylysine (PLL), able to electrostatically 

interact with anionic ZnTPPS4, reduces its demetallation rate as reported in 

Fig.22 by monitoring the absorption at 421nm vs. time. 

 

 
Fig.22 Absorption variation at 421 nm vs. time of ZnTPPS4-PLL solution at pH 7 (black full 

circles), pH 4.5 (empty circles), pH 3 (black full triangles) and pH 1.5 (empty triangles).

 

The Fig.23 shows the Soret band evolution of the investigated solutions 

recorded 4 hours later the addition of ZnTPPS4 to acidic solution (at pH = 1.5). 

The protonation is complete for ZnTPPS4, as indicated from the peak at 434 nm 

associated to protonated H4TPPS4: noteworthy, no aggregation is observed. On 

the contrary, for ZnTPPS4-PLL the presence of the peak about at 490 nm indicate 

the formation of J-type aggregates. 

To discuss this experimental evidence we invoke the role of PLL to act as 

aggregation agent for protonated H4TPPS4 that can bind to polymer chain 

according to the length of the chain and the availability of the binding sites.[19] 

At pH = 3 we can assume that PLL acts as proton sink, thus competing with 

protonation of ZnTPPS4 that binds to polymeric chain as a pending molecule, 

thus maintaining its monomeric form. By lowering pH, protonation occurs and, 

as discussed by other authors,[15] protonated porphyrins  in proximity of PLL 



3.2 Results and Discussions 

 

42 

chains rearranged along the groove of polyelectrolyte in a head-to-tail 

conformation, thus forming J-aggregates. PLL, in fact, is positively charged at 

pH = 1.5 and strongly attracts anionic porphyrins. The immobilization of 

H4TPPS4 molecules through negatively charged SO3
− groups catalyzes the 

attachment of other porphyrin molecules since their negative charge is partially 

diluted by the cationic nature of template. 

 

 
Fig.23 Absorption spectra of ZnTPPS4 (2µM, dotted curve) and ZnTPPS4-PLL solution 

([PLL]=50µM dp 68, solid black curve) at pH 1.5 after 4h.

 

The effect of polylysine on the ZnTPPS4 opens some questions and 

perspectives. First of all, what is the role of PLL chain length on the entire 

process? And more, what about the transfer of chirality from PLL to porphyrin 

aggregates? 

For this reason, we carried out several experiments using PLLs with 

different degrees of polymerization, from dp 36 to 2060 (commercially available 

and used without further purifications).  
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In detail, ZnTPPS4 2 µM was added to each water solutions of PLL (50 

µM) with different polymerization degree. Then, solutions were incubated for 15 

minutes at neutral pH to favor a system rearrangement. Afterwards, absorbance 

and fluorescence variations were monitored to confirm the occurrence of 

aggregative process, see below in Fig.24. 

 

 
Fig.24 UV/Vis (inset: second derivative) and fluorescence (λex = 421 nm) spectra at neutral pH 

of bare ZnTPPS4 (2 µM, black dotted curves) and in the presence of various PLL (50 µM, dp 36-

black, dp 99-cyan, dp 239-green, dp 476-blue, and dp-2060 red). 

 

As expected, due to the electrostatic attraction, a strong interaction causes 

a hypochromic effect and a broadening of the porphyrin Soret band at 421 nm. 

Moreover, from the second derivative of the Soret band, we can identify two 

components, at λ  414 and λ  425 nm (Fig. 24-inset).  

Accordingly with the literature,[19,150] the former is associated with 

formation of ZnTPPS4 dimers and the latter with hybrid ZnTPPS4-PLL 

aggregates. 
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These evidences provide us a better idea about the nature of the 

PLL/ZnTPPS4 aggregates; in the presence of short PLLs, the prevalence of the 

component at λ = 414 nm indicates a higher concentration of ZnTPPS4 dimers 

(Fig.24-inset).[19,150] On the contrary, porphyrin molecules originate a close 

contact with longer PLLs as reported by the higher intensity of the component at 

λ = 426 nm and the stronger quenching in the fluorescence spectrum than that 

observed in presence of short PLLs (Fig.24-right).  

In order to get insight into possible binding mechanisms between the 

porphyrins and the polypeptides, spectrophotometric titrations of ZnTPPS4 with 

PLLs (dp 36 and 2060) were carried out. 

Absorption spectra throughout the titration of a solution containing a 

constant concentration of ZnTPPS4 (2µM) by adding increasing amounts of PLL 

are shown in Fig.25 (ZnTPPS4/PLLdp36-left, ZnTPPS4/PLLdp2060-right), 

which illustrates the progressive Soret band broadening in the ZnTPPS4 

spectrum toward a limit represented by the spectra of the fully bound dye. As 

reported in Fig.25, the interaction of ZnTPPS4 with PLL dp 36 and 2060 

produces an isosbestic point at 430 nm. 

This progressive change is also represented by plotting the maximum of 

the Soret band at λ=421nm vs. added PLL molar concentration as graphed in 

Fig.26. Since the interaction of ZnTPPS4 with PLL produces absorption 

variations in the Soret region, the values of ν, defined as binding density, and L 

(free porphyrin at equilibrium) necessary for the Scatchard plot were calculated 

with the method suggested by Peacocke and Sherrett.[53] 
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Fig.25 Absorption spectra of the titration of ZnTPPS4 (2µM) with PLL dp 36-left and PLL dp 

2060-right; 0 µM ≤ [PLL] ≤ 60µM, pH=7.0, 25°C. 

 

 
Fig.26 Spectrophotometric titration curves for the system ZnTPPS4/PLLdp36 (black dots) and 

ZnTPPS4/PLLdp2060 (red dots); λ=421nm, [ZnTPPS4]=2µM, 0µM ≤ [PLL] ≤ 60µM, pH=7, 

25°C. 
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This method requires an experimental value for the absorption of the fully 

bound porphyrin, Absb, determined by measuring the absorption at 421 nm of a 

solution in which the PLL concentration was 30 times greater than the initial 

concentration of ZnTPPS4 (i.e conditions for which complete binding may be 

assumed), and an experimental value for the absorption of the initial free 

porphyrin, Absf. A value of Absf = 1.355 and Absb = 0.331 for the 

ZnTPPS4/PLLdp36 and a value of Absf = 1.349 and Absb = 0.327 for the 

ZnTPPS4/PLLdp2060 (see above the first point in Fig.26). 

The values of ν and L, calculated in accordance with ref.[53], were employed 

to construct the experimental Scatchard plots reported in Fig.27. These plots were 

interpreted by using the McGhee-von Hippel approach:[54] binding model of 

drugs to homogeneous one-dimensional matrix which takes into account the 

neighbour exclusion effects. 

McGhee-von Hippel demonstrated that for the non-cooperative binding 

(i.e. non-interacting ligands), the Scatchard equation is of the form: 

 

where ν is defined in units of moles of bound porphyrin per mole of total PLL 

residues, L is the molar concentration of free porphyrin at equilibrium, n is the 

number of consecutive PLL residues covered by the binding of a single porphyrin 

(i.e. inaccessible to another ligand) and Kapp is the intrinsic association constant 

for the porphyrin binding to a site on PLL.  

Instead, when the ligands interact cooperatively, the Scatchard equation 

becomes more complex because it is needed to consider the co-operativity 

parameter ω.[54] Noteworthy, McGhee-von Hippel attributed the Scatchard plot 

curvature as a consequence of cooperativity and neighbor exclusion effects. 

 𝜈

L
= Kapp  (1-n𝜈)  

1-n𝜈

1-(n-1)𝜈
 

n-1
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Fig.27 Scatchard plot for PLL/ZnTPPS4, dp36 (left) and dp2060 (right); [ZnTPPS4] = 2µM, 

7.5µM <[PLL]< 30µM, 25°C, pH 7.0.

 

Accordingly, the binding of ZnTPPS4 with PLL dp 36 (Fig.27-left) is non-

cooperative. On the contrary, in the presence of a longer chain (PLL dp 2060), 

ZnTPPS4 is able to interact cooperatively with PLL (Fig.27-right). These 

findings may explain the different preorganization of ZnTPPS4 depending on the 

PLL chain length. Indeed, as shown in Fig.24, the presence of short PLLs 

promotes ZnTPPS4 dimers: the minor number of available sites manly involves 

the formation of dimeric species.  

Conversely, in the presence of long PLLs the combination of electrostatic 

and solvophobic interactions (see again Fig.24) suggests that once a single 

porphyrin binds to PLL the affinity of other sites becomes higher as in positive 

cooperative binding.[152] 

In addition, from the Scatchard plots reported in Fig.27, we were able to 

calculate the apparent binding constant, Kapp (see below). Indeed, in a classic 

linear Scatchard plot the intercept on the ν/L axis represents the value of the 



3.2 Results and Discussions 

 

48 

intrinsic association constant, Kapp. However, when the plot deviates from 

linearity with significant positive or negative curvatures (as in Fig.27), the 

determination of Kapp from the intercept by extrapolation of the data is subject to 

large uncertainties.[54]  

Nevertheless, throughout the course of the titration, the PLL concentration 

(up to maximum of 60µM) is greater than porphyrin concentration (fixed at 2µM) 

thus, we can suppose that the free PLL concentration is almost equal to the total 

PLL concentration. Moreover, assuming that the number of consecutive PLL 

residues covered by a single porphyrin, n, is relatively small (i.e. reported values 

of 2 or 3 are most common[153]), it may employ the equation suggested by 

Pasternack et al:[153] 

 

where εp is the molar extinction coefficient of the free porphyrin, εapp is the 

absorbance of a given solution divided by the total porphyrin concentration, and 

Δε = εp - εb (in which εb is the molar absorptivity of the fully bound porphyrin). 

Thus, a plot of εp - εapp against (εapp – εp)/[PLL]total leads to a linear graph of slope 

1/Kapp and intercept of Δε.[153] Such behaviour for both system, 

ZnTPPS4/PLLdp36 and ZnTPPS4/PLLdp2060, is shown in Fig.28. 

 
𝜀p- 𝜀app =

𝜀app - 𝜀p

[PLL]total
 

1

Kapp
 + ∆𝜀 
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Fig.28 Binding isotherm for titration of ZnTPPS4 with poly-L-lysine dp36 (left) and dp2060 

(right); [ZnTPPS4] = 2µM, 7.5µM <[PLL]< 30µM, pH=7.0, 25°C.

 

Therefore, we have been able to obtain an estimate Kapp for 

ZnTPPS4/PLLdp36 = 1.66·104 M-1 and for ZnTPPS4/PLLdp2060 = 1.83·104 M-

1. These similar values are coherent with the fact that identical binding site (lysine 

residues) are available for ZnTPPS4 despite the different PLL chain length. 

Concluded the study at neutral conditions, we wonder what happens when 

the HCl (up to pH 1.5) is added to the PLL/ZnTPPS4 systems. 

The Uv-Vis spectra in Figs.29 evidence a large band shape modification 

due to the formation of the protonated form, H4TPPS4 (λmax = 434 nm). 

Moreover, it is clearly evident another band at λ = 490 nm, indicating the 

formation of J-aggregates (see Figs.29). 
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Figs.29 Absorbance variations of 2µM ZnTPPS4 solutions at pH 1.5 (t = 0 - 10 min - 120 min) 

in presence of PLL a) dp 36 b) dp 99 c) dp 239 d) 476 e) dp 2060; [PLL] = 50µM, 25°C.

 

At first glance, it seems that the band intensity of the J-aggregates raises 

not only with the increasing time, but also with the PLL polymerization degree. 

This behavior is better shown in Fig.30, by plotting the abs at 490 nm vs time. 
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Fig.30 Absorption values of band at λ = 490 nm of ZnTPPS4/PLL solutions at pH 1.5 (PLL dp 

36 black, dp 99 cyan, dp 239 green, dp 476 blue, and dp 2060 red.

 

The Fig.30 displays that the kinetics of the aggregation process depend on 

the chain length of PLL. To make a better comparison, we calculated the rate 

constants by plotting the band’s natural logarithm at λ = 490 nm vs. increasing 

time with a stopped-flow experiment (Fig.31). 

 

 
Fig.31 ln abs (λ = 490nm) vs. time of ZnTPPS4/PLL solutions at pH = 1.5 in a stopped-flow 

kinetic experiment (PLL dp 36 black dots, dp 99 cyan dots, dp 239 green dots, dp 476 blue dots, 

dp 2060 red dots); [ZnTPPS4] = 2µM, [PLL] = 50µM, 25°C. 
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Noteworthy, the slope of the best linear fit of each curve in Fig.31 

(multicolored dashed lines) defines a first-order rate constant.  

An instantaneous formation of J-aggregates (Kdp36 = 5.55·10-3 s-1) is 

spectroscopically revealed with the shortest PLL (dp 36). On the contrary, the 

presence of longer PLLs (from dp=99 (cyan) to dp=2060 (red)) leads to a slower 

formation of J-aggregates (Kdp99 = 3.55·10-3 s-1; Kdp239 = 2.59·10-3 s-1; Kdp476 = 

1.44·10-3 s-1; Kdp2060 = 1.20·10-3 s-1) resulting in a more intense band at λ = 490 

nm whose intensity reaches a maximum value over a longer time frame. Such 

behaviour with long polypeptides confirms a superior degree of organization of 

J-aggregates formed on the longest PLL. This is also validated by the presence 

of a narrower (FWHM of 27 nm and 15.5 nm for ZnTPPS4/PLLdp36 and 

ZnTPPS4/ PLLdp2060 respectively), and intense UV-Vis absorption band at λ = 

490 nm, than that recorded for short PLL (Fig.32).  

 

 
Fig.32 UV-Vis spectra of ZnTPPS4/PLL solutions (dp=36 black and dp=2060 red) at pH 1.5 

after 3 h. 
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Furthermore, we performed resonance light scattering (RLS) 

measurements in order to speculate on the nature of these porphyrin aggregates 

(Fig.33). 

 

 
Fig.33 RLS spectra of bare ZnTPPS4 (blue curve) and in presence of PLL dp 36 (black curve) or 

PLL dp 2060 (red curve) at pH 1.5 after 3h; [ZnTPPS4] = 2 µM, [PLL] = 50 µM, 25°C.

 

The RLS amplitude is associated with excitonic coupling between 

monomeric species assembled on the template and, hence, it is related to the size 

and organization of the aggregates (see also Appendix - Resonance light 

scattering spectroscopy). At neutral pH, the different preorganization modes of 

ZnTPPS4 along the entire PLL length sets up the subsequent self-aggregation, 

which occurs as soon as demetallation of core is initiated. At pH 1.5 a negligible 

RLS signal, related to bare ZnTPPS4 (in the spectral region from λ = 475 nm to 

λ = 500 nm), is observed because of the absence of J-aggregates (see above 

Fig.33 blue solid line).  

Conversely, the RLS signal of J-aggregates templated onto the longest PLL 

(dp 2060) is more intense than those aggregated onto the shortest PLL Notably, 
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these data agree with UV-Vis spectral evolution of porphyrin solutions in the 

presence of PLL. 

Finally, Circular Dichroism (CD) allows specific study on the effect of PLL 

length on the degree of organization of the J-aggregates. Although at pH 7 the 

appearance of an induced CD band in the porphyrin Soret region is observed, for 

either short or long PLL, its intensity reveals a lower dimeric species 

concentration, as shown in Fig.34.[19,150] 

 

 
Fig.34 CD spectra of ZnTPPS4/PLL solutions (dp = 36 black curves and dp = 2060 red curves) 

at pH 7; [ZnTPPS4] = 2µM, [PLL] = 50µM, 25 °C.

 

At pH 1.5, the induced CD signal drastically changes, independent of PLL 

chain length, and it is replaced with the CD signal of J-aggregates, as shown in 

Fig.35. 
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Fig.35 CD spectra of ZnTPPS4/PLL solutions (dp=36 black and dp=2060 red) at pH 1.5 after 

3 h. 

 

After 3 hours, the CD signal related to J-aggregated templated on the 

longest PLL is remarkably more intense than the one observed in presence of the 

shorter PLL. This evidence further confirms the structural evolution of the 

supramolecular J-aggregates into ordered structures when a long polypeptide is 

employed. 
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3.3 

Final Remarks  

In conclusion, the demetallation of ZnTPPS4 can be observed at pH < 4.5, 

becoming more remarkable at pH = 1.5. Nevertheless, at acid pH elimination of 

central zinc from macrocycle core results in the formation of the protonated form 

H4TPPS4. However, the presence of poly-L-lysine in the same solution makes 

less accessible the metal core of the porphyrin, causing a slower demetallation 

process. Moreover, the templating action of PLL leads to porphyrins 

immobilization and screening effect towards reciprocal repulsion of the negative 

tails, thus catalyzing formation of J-aggregates. 

In addition, we have demonstrated the possibility of controlling the 

demetallation/protonation process and the following J-aggregation process by 

varying degree of polymerization of PLL: a) if short PLLs are used, the fast 

demetallation/protonation of ZnTPPS4 drives the rapid formation of several 

families of less organized J-agg, made up of few monomers; b) longer PLLs 

promote structural reorganizations of the protonated porphyrins leading to the 

formation of long ordered J-agg, resulting as well, in a chirality enhancement. 
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4.1 

Supramolecular porphyrin-calix[4]arene 

complexes : State-of-the-art 

The non-covalent syntheses of porphyrin arrays based on polypeptide 

templates lacks in a significant limitation concerning the undefined stoichiometry 

and sequence of porphyrin assemblies – that is, the strict control of the self-

assembly remains unresolved. 

Hence, in 1994 M. C. Drain and J.-M. Lehn published an innovative work 

by presenting a quick, one-pot non-covalent synthesis (in organic solvent) of 

various porphyrin arrays, from dimers to tetramers, with controlled stoichiometry 

and geometry.[154] The control over the geometry of the arrays was achieved by 

exploiting the kinetically inert complexation of platinum and palladium with the 

pyridyl moieties of the meso-substituted phenyl–pyridyl porphyrins. 

Noteworthy, the relevant achievement of this approach is that the yield of these 

syntheses is very close to 100%. This paper paved the way to the syntheses of 

porphyrin arrays mediated by the metal ions coordination. 

Nowadays, another intriguing approach, typical of the supramolecular 

chemistry vision, is the host-guest chemistry.[39,40,42,64] Here, the host molecule 

takes the place of the metal ion and contributes, as well, to the structural and 

electronic features of the resulting complexes. A good example of binary host–

guest species is given by porphyrin–cyclodextrin (guest and host, respectively) 

complexes. Originally these “simple” porphyrin complexes were synthesized to 

mimic the enzyme in Nature, such as to reproduce the activity of the heme-protein 

of myoglobin in aqueous environment.[155] 
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The feasibility of synthesizing stable complexes in aqueous solution -in 

terms of thermodynamic and kinetic points of view- is an intrinsic property of the 

host–guest chemistry which can also employ water-soluble and solvophobic 

molecular components at the same time. In fact, following a careful molecular 

and supramolecular design, the dichotomic nature of the components drives 

spontaneous self-assembly mainly leading from hydrophobic interactions.[155] 

Therefore, the synthesis of discrete large supramolecular complex structure in 

water requires a strict control of the undesired (self-) aggregation phenomena 

governed by electrostatic interactions between net charges in combination with 

π-π and all the other weak interactions.  

In this respect, a class of promising molecules able to template discrete 

porphyrin arrays in aqueous solution is undoubtedly represented by calixarenes. 

Calixarenes –defined by Cram and Steinberg[156,157] as [1n] metacyclophanes, 

with n ≥ 4- are macrocyclic hosts synthesised by the condensation reaction 

between a p-substituted phenol and formaldehyde. The origin of calixarenes dates 

back to 1940s, when Zinke and Ziegler, as part of their study of the Bakelite 

process, decided to simplify the reaction by examination of the condensation of 

p-substituted phenols, particularly, p-t-butylphenol with formaldehyde 

(Fig.36).[158] Unexpectedly, a crystalline product of empirical formula C11H14O 

was isolated. Since the substituted phenol can only react at the ortho position (the 

hydroxyl group is ortho and para directing) and  based on current literature, they 

hypothesized a cyclic tetrameric structure. Further evidence for a tetrameric 

structure came by Hayes, Hunter, and later by Cornforth in 1956.[159] Since 

1970s, Gutsche optimized conditions for their syntheses and coined the name 

“calixarene” in 1975.[40,42,64] The name is derived from the Greek calix meaning 

”vase” or “chalice; instead arene indicates the presence of aryl residues in the 

macrocyclic array. The name, initially considered unacceptable by IUPAC and 
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Chemical Abstracts, gained official status and has now been expanded to include 

any number of other kinds of structures that bear a general resemblance to the 

phenol-derived calixarenes.[64] 

 

 
Fig.36 Conventional synthesis of para-t-butylcalix[4]arene.

 

The calixarene framework is very versatile and many derivatives have been 

prepared by functionalising the groups on the ‘upper’ rim -or exo-face- and 

‘lower’ rim-or endo-face- (the upper rim is where the t-butyl substituents are 

located, while the hydroxyl groups are on the lower rim), Fig.37. 
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Fig.37 3D structure of p-t-butylcalix[4]arene with its upper and lower rim. 

 

For most calixarenes the complete nomenclature comprises a prefix, 

denoting the upper rim substituents, followed by calix[n]arene where n is the 

number of aryl units in the cyclic compound. A suffix, describing the lower or up 

rim substituents, may also be given. Therefore, the correct nomenclature for para-

t-butylcalax[4]arene (see above Fig.37-left) is l5,11,17,23-tetra-tert-

butylcalix[4]arene-25,26,29,28-tetrol. 

The calixarenes are flexible during their high temperature synthesis, 

because of rotation of their phenolic moieties through the bridging CH2 groups. 

This is an important consideration when working with calix[4]arenes, in fact they 

can exist in four conformers that are hard to interconvert (also at high 

temperature) and become immobilized in a particular conformer if lower rim is 

functionalised by substituents.[64,160] Four principal conformers are observed at 

room temperature. If all four upper rim substituents are in the same orientation, 

thus a cone conformer is expected. If one phenolic group is inverted with respect 

to the others, a partial cone conformer is found. Finally, two possibilities exist 
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when two phenol rings are inverted: 1,2 alternate and 1,3 alternate. All four 

conformers are illustrated in Fig.38.  

 

 
Fig.38 Calix[4]arene conformers: cone (top left), partial cone (top right), 1,2-alternate (bottom 

left), 1,3-alternate (bottom right).

 

Due to their structure characterized by the hydrophobic chalice, 

calix[n]arenes are able to host specifically functionalized molecules, belong to 

the class of cavitands known in host–guest chemistry. The possibility to design 

and tailor the hosts chemistry and structure in order to promote more efficient 

interactions (mainly CH–π, π–π and π–cation, hydrogen bonding) with the guest 

porphyrins makes these templates extremely versatile building blocks for 

supramolecular architectures. Among water-soluble calixarenes, p-sulfonate-

derivatives have been widely studied because their host–guest complexes can 
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mimic biologically relevant molecules, but also because their potential 

applications span from pharmacology to crystal engineering.[161–167] 

Owing to their π cavities and the anionic sulfonate groups of the upper rim,† 

p-sulfonate-calixarenes are excellent hosts for cationic and neutral molecules.[164] 

In this regard, cationic porphyrins can represent interesting counterparts, and as 

well, calixarene–porphyrin supramolecular complexes have indeed been studied 

for various purposes.[16,162] 

Hence, Di Costanzo et al., in the early 2000s demonstrated that the p-

sulfonate-calix[4]arene, bearing four carboxylic groups in the lower rim, C4TsTc 

(see Fig.39), is able to complex the cationic meso-tetrakis(4-N-methylpyridyl)-

porphyrin, H2T4, resulting in a stable, tunable and stoichiometric complex.[168] 

 

 
Fig.39 molecular structure of C4TsTc (left) and H2T4(right).

 

The interaction of H2T4 with C4TsTc in aqueous solution (at pH 6 and 2.2) 

is accompanied by significant hypochromism and broadening of the Soret band 

(422 nm, see inset of Fig.40). The system was characterized in aqueous solution 

 
† Other functionalities can also be introduced into the lower rim 
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by monitoring the absorbance at 422 nm at different ratio C4TsTc:H2T4 in order 

to trace the Job plot in Fig.40. 

 

 
Fig.40 Normalized absorption Job plots at pH 2.2 and 6. The inset shows the absorption 

spectrum of H2T4 (2.8 µM) before (continuous line) and after (dotted line) the addition of 

C4TsTc (2.2 µM).

 

However, due to different protonation steps of the tetra carboxylic groups 

of the C4TsTc, the Job plots performed at pH 2.2 and 6 show there is a large 

difference in the ratio of the complex formed (Fig.40 above). The maximum 

value at a porphyrin molar fraction of 0.44 at pH 2.2 indicates the formation of 

species with a 4:3 (C4TsTc:H2T4) ratio, whereas the maximum value at a 

porphyrin molar fraction of 0.56 at pH 6 indicates the formation of species with 

a 4:5 (C4TsTc:H2T4) ratio. Moreover, X-ray analysis showed that two or four 

porphyrins (for the 4:3 and 4:5 species, respectively) pile up above and below the 

plane of a 1:4 (H2T4:C4TsTc) central core (Fig.41). Here, each of the four meso-

cationic groups of H2T4 interacts with the major rim (upper rim) of one 

calixarene.[168] Despite its relevance as unit cell in crystalline structure, the first 

stoichiometric complex, 1:4 (H2T4:C4TsTc) is not clearly evidenced in the Job 

plot experiment. 
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Fig.41 3D side views of the supramolecular complexes with ratio (a) 4:3 (C4TsTc:H2T4) and 

(b) 4:5 (C4TsTc:H2T4).

 

One possible explanation is that the Job plot method, by promoting the 

formation of complex thermodynamically more stable with higher stoichiometry, 

is not the best analytical approach to study and analyze this system. On the 

contrary, the stepwise titration of a solution containing C4TsTc with H2T4 lead 

to a titration curve characterized by the presence of various and distinct break-

points, evidencing not only the formation of the expected 3:4 and 5:4 species, but 

also the 1:4, 6:4 and 7:4 complexes (Fig.42).[169] 

 

 
Fig.42 Soret band intensity following addition of increasing amounts of H2T4 to a calixarene 

aqueous solution (curve a) and pure water (curve b). The different break-points (curve a) are 

evidenced by dotted lines, and the corresponding species. For the sake of clarity the two 

calixarenes above and below the reading plane have been omitted. 
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The presence of well-defined break-points and different slopes, at least 

15% of variation, suggests the assembly of discrete species per step. Indeed, the 

slope in a titration plot as in Fig.42 corresponds to a molar extinction coefficient, 

which in turn, depends on the chemical-physical properties of the compound. 

Therefore, any break-point in the titration represents the end-point for the 

formation of one complex and the starting point of the next one, not in 

equilibrium each other. Moreover, the stability and kinetic inertness of these 

supramolecular complex was further confirmed by diffusion NMR data[47] and 

dynamic light-scattering experiments.[170] 

These aspects together with hierarchical rules are of fundamental relevance 

because they allow for designing and realizing mixed metallo-porphyrin hetero-

aggregates having a pre-determined porphyrin sequence,[169] as shown in 

spectrofluorimetric titrations† of Fig.43.  

 

 
Fig.43 Fluorescence variation of C4TsTc following the titration of a calixarene solution (2.5 µM) 

against increasing amounts of different porphyrins schematically presented at the top of the 

figure 

 
† Here, the emission of calixarene was used in order to avoid the spectral interferences due to 

similar porphyrins’ Soret bands 
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The degree of complexity was further reached by using the permanent cationic ditopic 

calixarene, 1,6-bis[5,11,17,23-tetrakis (trimethylammoniomethyl)-25,26,27-

tripropoxy-28-(oxy) calix[4]arene] hexane octachloride, namely bis-calix[4]arene or 

BC4 and the anionic porphyrin, Cu(II) meso‐tetrakis(4‐sulfonatephenyl)porphyrin 

tetrasodium salt, that is CuTPPS4 (see Fig.44 for their molecular structures).  

 

 

Fig.44 Molecular structure of BC4 (on the left) and CuTPPS4 (on the right)

 

The spectrophotometric titration (data not shown) of solutions containing BC4 

with CuTPPS4 showed very clear breakpoints indicating the stepwise formation of 

discrete species, in which the complex with 1:4 (CuTPPS4:BC4) ratio is a founding 

element (see the 1:4 complex in Fig.45 on the left).[170] Notably, the formation of this 

complex is initially driven by electrostatic interactions but, once the 1:4 core is 

formed, hydrophobic interactions play a very important role in its stabilisation. 

The careful comparison between the Figs.41 and 45 elucidate the main 

difference in using mono-calixarenes, C4TcTs, or bis-calixarenes, BC4. The 

monotopic host allows for piling up to seven porphyrins above and below the 

plane of the central 1:4 unit, leading to porphyrin stacks with a controlled 

sequence and stoichiometry. The ditopic host provides an additional opportunity 
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of controlling the geometry. In particular, after the 5:4 species formation (see the 

5:4 complex in Fig.45 below), there is a fork-point which can lead to stacked or 

planar extended species depending on the addition of porphyrins or calixarenes, 

respectively (Fig.45).[170] 

 

 

Fig.45 Schematic representation of the initial 1:4 (CuTPPS4:BC4) core (top view) and of the 

species subsequently formed from the 5:4 complex (top view) after addition of CuTPPS4 (7:4 

species, side view) or BC4 (5:16 species, top view), respectively 

 

To date, it has been demonstrated that the addition of porphyrins to the 

initial 1:4 complex perturbs the electronic properties of the central porphyrin unit. 

Therefore, other properties may be induced into the complexes, among them, the 

induction of chirality in the porphyrin–bis-calixarene systems is a fascinating 

perspectives. In order to achieve this purpose, a fully non-covalent approach was 

used as reported by Nicotra et al.[171] 

In this case, a cationic pH charge modulable bis-calixarenes, the 1,6-

bis{5,11,17,23-tetra-amino-25,26,27-tripropoxy-28-[oxy]calix[4]arene}hexane, 

BC4-NH2 (see Fig.46-top left), was used in host-guest interaction with the same 

anionic porphyrin, CuTPPS4 (Fig.44-right). 
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Fig.46 Structure of BC4-NH2 (top left) and asymmetric Λ- or Δ-[Ru(phen)3]2+(down left). 

On the right is reported the schematic representation of chiral 1:4:4 (CuTPPS4:BC4-

NH2:[Ru(phen)3]2+) complex 

 

However, the presence of eight protonable amino-group in BC4-NH2 

makes the choice of pH an essential aspect to guarantee the correct interaction 

with anionic CuTPPS4. According to a spectrophotometric pH titration (data not 

reported), [171] BC4-NH2 undergoes protonation in two separate steps (pKa values 

of 4.5 and 7.0, respectively), quite likely indicating the involvement of two amino 

groups for each calixarene subunit (i.e. a total of four protons per step). 

Reasonably, at pH 5.5 BC4-NH2 is tetracationic (two positive charges for each 

subunit) allowing for the complexation with CuTPPS4. In the light of these 

considerations, attention was taken in adding 1µM of CuTPPS to a 4µM aqueous 

solution of BC4-NH2 at pH 5.5. Formation of the 1:4 (CuTPPS4:BC4-NH2) 

species is indicated by a 40% hypochromism and a red-shift of the Soret band 

(compared the black trace with the blue trace in Fig.47). 
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Fig.47 Absorption spectra of aqueous solutions of the ternary 1:4:4 assembly ([CuTPPS]=1.5 

μM, BC4-NH2=6μM, [Δ-[Ru(phen)3]2+]=6μM) at pH 5.5 (black trace) and pH 9.0 (red trace). 

The dashed trace refers to an aqueous solution of the binary 1:4 complex CuTPPS/Δ-

[Ru(phen)3]2+ (1.5 and 6μM, respectively) at pH 9.0, while the blue one pertains to CuTPPS (1.5 

μM) at pH 9.0. 

 

At this step, 4 moles of cationic Δ or Λ enantiomer of ruthenium 

phenanthroline, [Ru(phen)3]
2+ (see above Fig.46 down left) were added to 

preformed 1:4 (CuTPPS4:BC4-NH2) complex in order to induce chirality. 

Despite of the positive charges in the [Ru(phen)3]
2+, at pH 5.5 the BC4-

NH2 is not too cationic to prevent the formation of 1:4:4 (CuTPPS4:BC4-NH2: 

[Ru(phen)3]
2+) species (see the structure in Fig.46 on the right). In fact an induced 

CD signal appears in the CuTPPS4’s Soret region as shown in inset of Fig.48 

below (see also the black trace in previous Fig.47 for UV/Vis spectrum).  

Quite surprisingly, this latter complex persists even after the pH of the 

solution is raised to 9.0: in other words, under experimental conditions where 

BC4-NH2 was found to exist as the fully unprotonated octa-amino derivative 

(compare the black trace and red trace in Fig.47 above). 



4.1 Supramolecular porphyrin-calix[4]arene complexes: 

State-of-the-Art 

 

70 

 
Fig.48 CD spectra of the ternary 1:4:4 (CuTPPS4:BC4-NH2:Λ-[Ru(phen)3]2+) at pH 9.0 in black 

trace, and 1:4:4 (CuTPPS4:BC4-NH2: Δ-[Ru(phen)3]2+) at pH 9.0 in red trace. in.  

The inset shows the CD spectra of the same solutions at pH 5.5. 

 

Such evidence further highlights the role played by dispersive and 

hidrophobic forces to stabilize the complex. Nevertheless, the increase of pH 

from 5.5 to 9 provokes, as well, the many-fold higher intensity of the ICD (see 

Fig.48 above) as a result of a stronger interaction between BC4-NH2 and  

[Ru(phen)3]
2+ (owing to reduction of cationic charges in BC4-NH2).[171] 

Noteworthy, a mirror-image ICD signal of comparable intensity is conversely 

observed in the case of the opposite enantiomer. 
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4.2 

Results and Discussions  

4.2.1 Towards porphyrin/calix 1D assemblies: 

• H2DPPS3/BC4 and CuDPPS3/chiral-BC4-NH2 complexes 

A further step toward a more exhaustive comprehension about the 

abovementioned self-assembly processes involves the employment of new 

molecular building blocks. In this regard, a one-dimension (1D) porphyrin-

calix[4]arene complexes, in which the electronic and optical properties may 

transfer along a continue line (1D), is an intriguing goal. 

The use of a ditopic bis-calix[4]arene together a trans-bis-substituted 

porphyrin could offer an interesting approach to assemble one-dimension 

architectures. Our choice falls on: i) a novel anionic synthetic porphyrin, the 5,15-

meso-bis(4-sulfonatophenyl)-2-sulfonato porphyrin, H2DPPS3 (Fig.49a), and 

his copper (II) derivative, CuDPPS3 (Fig.49a) ii) the cationic, BC4 (Fig.44-left), 

iii) chiral bis-calix[4]arenes, namely (SS)-BC4-NH2 and (RR)-BC4-NH2 

(Fig.49b). 

The H2DPPS3, is a novel anionic porphyrin with two sulfonatophenyl 

substituent in trans-meso-positions and one sulfonate group directly bonded to 

the porphyrin ring. 
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Fig.49 Molecular structure of a) H2DPPS3 and CuDPPS3 b) SS- or RR- BC4-NH2. 

 

Aqueous solutions (pH = 10) of H2DPPS3 (ε405,5/H2O = 1.136  105 cm M-

1) display an intense Soret band at 405,5 nm and four Q band at 507 nm, 543 nm, 

572 nm and 624 nm (Fig.50). 

Nevertheless, in acid condition (pH = 1.5) the core protonation occurs, 

consequently a red-shift at is observed at 420 nm with only two Q band at 570 

nm and 614 nm (Fig.50-inset). 
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Fig 50 Absorbance of an aqueous solution of H2DPPS3 (3µM, pH 10.0 black line) and of 

H2DPPS3 (3µM, pH 1.5 red line); in inset are reported in detail the Q-bands’ region.

 

The first experiment was performed recording UV-vis (Fig.51) spectra of 

different solutions of H2DPPS3 2 µM prepared at different pH values (from 10.30 

to 0.43), in order to get information of protonation equilibria and obtain pKa 

values of H2DPPS3 in aqueous solution, minimizing the effect of aggregation 

(independent solutions experiment). 

 

 
Fig 51 Absorption spectra of independent solutions of H2DPPS3 2 µM at different pH. 
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The absorption spectra performed by independent solutions of H2DPPS3 at 

different pH (Fig.51) show a classical shape of porphyrin core-protonation curve: 

going down the pH of the solutions, the band at 405.5 nm, related to deprotonated 

H2DPPS3, decreases in intensity, giving way to a new band at 420 nm indicating 

the formation of core protonated H2DPPS3. Reporting the absorbance values at 

405.5 nm and 420 nm vs. the pH of each solution, it is possible to evaluate the 

pKa values of the H2DPPS3 (Fig.52). Indeed, we can denote only one protonation 

step related to the protonation of the nitrogen core atoms, that is pKa ~ 2.80. 

 

 
Fig 52 Absorbance (λ = 405.5 nm) vs. pH for independent solutions of H2DPPS3 (2 µM).

 

Then, a slow titration of a solution of H2DPPS3 2 µM decreasing the pH 

(from 10.31 to 2.44) was carried out to investigate the self-assembly processes 

(titration experiment, Fig.53). As shown in Fig.53, during the titration the 

absorption band of the deprotonated porphyrin (405.5 nm) decreases in intensity 

and broads. Noteworthy, in this experiment the intensity of absorption band of 

the protonated H2DPPS3 (420 nm) is not higher than the band observed in the 

case of independent solutions experiment (Fig.51). The broadening of the band 

at 405.5 nm and the very low intensity of protonated band at 420 nm up to pH 
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2.44 can be ascribed to the formation of aggregates during the titration. As a 

consequence, the baseline of Uv-vis spectra tends to increase for protonated form, 

due to the presence of aggregates (Fig.53). 

 

 
Fig 53 Absorption spectra of the pH titration of a solution 2 µM of H2DPPS.

 

The BC4, is an homoditopic bis-calix[4]arene (above in Fig.44-left) in 

which the presence of octa- permanent cationic tri-methylammonium groups 

make it soluble in water (also in neutral pH conditions) and able to interact with 

anionic counterparts such as sulfonate-porphyrins. BC4 is characterized by two 

absorption peaks, one more intense at 270 nm and another about at 320 nm (see 

inset in, Fig.54). 

To investigate the interactions between the positively charged templating 

agent and the tri-anionic porphyrin, we carried out a Uv-Vis titration of an 

aqueous solution of bis-calix[4]arene BC4 (2.5µM) with increasing amounts 

(0.25 µM) of H2DPPS3 at neutral pH. In agreement with previous studies,[47,170] 

hypochromicity and broadening of the porphyrin Soret band was observed over 

the course of the experiment (Fig.54). 
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Fig.54 Uv-Vis absorption spectra recorded over the course of the titration of an aqueous solution 

of bis-calix[4]arene BC4 (2.5 µM) with an aqueous solution of H2DPPS3, added stepwise (0.25 

µM)to reach a final [H2DPPS3]= 11 µM at pH 7.0. Inset: Uv-Vis spectrum of an aqueous solution 

of bis-calix[4]arene BC4 (2.0 µM) at pH 7.0. 

 

The self-assembly of the porphyrins in the presence of the bis-calix[4]arene 

templating agent can best be analyzed and understood by plotting the variation 

of the absorbance at 405.5 nm versus the [H2DPPS3] / [BC4] ratio (Fig.55). The 

black dotted line (a) refers to the absorbance of the Soret band of H2DPPS3 in 

the absence of BC4. The multicolored dotted curve (b) refers to the experiment 

in which BC4 was titrated with porphyrin H2DPPS3. 
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Fig.55 Variation in the absorbance of the H2DPPS3 Soret band (λ = 405,5 nm) observed upon: 

(i) increase of the porphyrin concentration in water at pH 10.0 (black trace (a)) and (ii) 

portion-wise addition (0.25 µM) of the porphyrin to a 2.5 μM aqueous solution of bis-

calix[4]arene BC4 at pH 10.0 (trace (b)).On the right, schematic structures of the complexes 

are illustrated.

 

The latter indicates that the interaction of BC4 with H2DPPS3 causes 

hypochromic effects modulated by the stoichiometry of the complex. In fact the 

control of complex stoichiometry is highlighted by the presence of break-points 

evidenced in Fig.55 at ratio [porph]/[calix] 0.5:1, 2:1 and 4:1. Moreover, after 

addition of the fourth equiv. of porphyrin, the slope of the titration curve becomes 

almost identical to that detected for H2DPPS3 on its own (black dotted line - trace 

(a)), indicating that the porphyrins are no longer interacting with the 

supramolecular complex. 

The absence of break-points at ratio 1:1 and 3:1(H2DPPS3:BC4) allows us 

for speculating about presence of an equilibrium between two species with same 

stoichiometry but difference conformation. For instance, in 1:1 complex two 

porphyrin could occupy the central core, or alternately, one into the core and the 

other one bound externally (see Fig.56 below). 
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Fig.56 Equilibrium between two different conformations for the 1:1 (H2DPPS3:BC4) complex. 

 

The successful formation of these-porphyrin/bis-calixarene assemblies not 

only demonstrates that self-assembly is hierarchically controlled and takes place 

in a stepwise manner, but also provides an opportunity to transfer electronic 

properties to the whole complex. Recent studies have shown that stereogenic 

agents to induce chirality in porphyrin–calixarene assemblies, indicating 

electronic communication among the porphyrins in both 2D and 3D 

assemblies.[18,171] For this reason, the use of enantiomerically pure bis-

calix[4]arenes, RR-BC4-NH2 and SS-BC4-NH2 (Fig.49b) rather than the achiral 

BC4 might induce chirality to the entire supramolecular complex. 

Acid aqueous solutions (pH = 2.0) of chiral bis-calix[4]arene exhibit two 

absorption peaks about at 275 nm and 300 nm (Fig.57). Consequently, an optical 

activity appears in their absorption range as shown in the following, see inset in 

Fig.57.  

1 : 1 1 : 1 
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Fig.57 UV-vis spectrum of an aqueous solution of chiral bis-calix[4]arene (50.0 µM) at pH 2.0. 

Inset: CD spectra of  the same solutions (SS-BC4-red line, RR-BC4 black line). 

 

Unlike the analogous achiral BC4, these compounds own octa-reversible 

cationic charges (quaternary ammonium chloride salts) as a function of pH. A 

spectrophotometric pH titration in aqueous solution (from pH 1.50 to pH 10.70) 

was performed in order to obtain the pKa value for the ammonium moieties, 

revealing a pKa equal to ~ 4.64 (Fig.56).  

 

 
Fig.56 Absorbance (λ = 300 nm) vs. pH for titration of chiral-BC4-NH2 (10 µM). 
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Water solutions of (RR)- or (SS)-BC4 are steady only in acid conditions 

(pH < 4) and this evidence suggests that free-base porphyrin, such as H2DPPS3, 

cannot be employed in supramolecular complexes, due to the self-assembly 

phenomena, as a consequence of the core protonation steps. Hence, the need 

arises to employ a metal-derivative of H2DPPS3 in order to prevent the core 

protonation under acid conditions. 

The use of copper (II)-derivatives may be the suitable choice since the 

demetallation does not occur in acid solution and the tetra-coordination of the 

copper (II) does not hinder the formation of porphyrin-calixarene complexes. 

The selected tri-anionic copper(II) 5,15-meso-bis(4-sulfonatophenyl)-2-

sulfonato porphyrin (CuDPPS3) was synthesized starting from the H2DPPS3 

through a heterogeneous metal-insertion reaction by using copper(II) oxide 

(CuO).[172]  

The metalation reaction was carried out by adding about 1 mg of H2DPPS3 

to 10 ml of ultrapure water, obtained from Elga Purelab Flex system by Veolia, 

containing 20 mg of copper(II) oxide. The mixture was refluxed and kept under 

stirring up to 12 h during which small aliquots were withdrawn to monitor the 

progress of the reaction spectrophotometrically. The reaction was completed 

when the four Q-bands of the free-base porphyrin changed to two Q-bands of the 

metalloporphyrin (Fig.57-inset) and the excess solid phase was collected on a 0.2 

μm Whatman syringe filter without further purification processes. Compared to 

free-base, CuDPPS3 (ε405,5/H2O = 1.100 · 105 cm-1 M-1) displays a Soret band at 

405,5 nm and two Q-band at 532 nm and 570 nm (Fig.57). 
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Fig.57 Absorption of an aqueous solution of H2DPPS3 (2 µM, pH 10.0 black line) and of 

CuDPPS3 (2.5 µM, pH 7.0 red line); in inset are reported in detail the Q-bands of the two 

porphyrins. 

 

The remarkable stability of CuDPPS3 under strong acid conditions (pH < 

2.5) is shown in Fig.58 in which a 3µM water solution of metallo-porphyrin is 

kept at pH = 2.0 for 24 hours. Indeed, the CuDPPS3 absorption spectrum at pH 

2.0 is quite identical to that recorded at pH 7.0. 

 

 
Fig.58 Uv-vis spectra of an aqueous solution of CuDPPS3 (3 µM) recorded at pH 7.0 (as 

prepared) and at pH 2.0 (incubated for 24h). 
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A UV-vis spectrophotometric titration of a 2.5 µM aqueous solution (pH = 

2.0) of chiral BC4-NH2 with increasing amounts of CuDPPS3 (0.25 µM) causes, 

on the porphyrin Soret band (λ = 405.5 nm), a progressive hypochromic effect 

modulated by the relative stoichiometry of the two complementary components 

present in solution (Fig.59). 

 

 
Fig.59 UV-vis absorption spectra recorded over the course of the titration of an aqueous 

solution of chiral BC4 (2.5 µM) with an aqueous solution of CuDPPS3, added stepwise (0.25 

µM) to reach a final [CuDPPS3] = 11 µM at pH 2.0.

 

Close inspection of the diagram obtained by plotting the CuDPPS3 

absorbance vs. the [CuDPPS3]/[chiral-BC4] ratio (Fig.60) reveals the formation 

of complexes of different stoichiometry. 

The straight black dotted line (a) of Fig.60 accounts for the absorbance (at λ = 

405.5 nm) of CuDPPS3 on its own, at increasing concentrations, while the 

multicoloured dotted line (b) refers to the absorbance measured, at 405.5 nm, 

upon titration of a 2.5 µM chiral-BC4 solution with increasing amounts of 

CuDPPS3 (0.25 µM) at pH = 2.0. 
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Fig.60 Variation in the absorbance of the CuDPPS3 Soret band (λ = 405,5 nm) observed upon: 

(i) increase of the porphyrin concentration in water at pH 2.0 (black trace (a)) and (ii) portion-

wise addition (0.25 µM)of the porphyrin to a 2.5 μM aqueous solution of chiral bis-calix[4]arene-

NH2 at pH 2.0 (trace (b)). On the right, schematic structures of the complexes are illustrated. 

 

Stepwise formation of four discrete species – namely a 1.5:1-, 2:1-, 3.5:1- 

and 4:1 ([CuDPPS3] / [chiral BC4]) complexes – is indicated by the presence of 

four distinct break-points (labelled in Fig.60 as A, B, C, D, respectively) 

characterized by a change in the trace slope (at least 12%). After addition of the 

fourth equiv. of porphyrin to chiral BC4, the slope of the titration curve becomes 

almost identical to that detected in the case of CuDPPS3 on its own (compare 

trace (a) with the black section of trace (b)) indicating that once the 4:1-

(CuDPPS3/chiral-BC4) complex has quantitatively formed, the porphyrin 

molecules added in excess remain unbound in solution.  

Compared to previous H2DPPS3/BC4 system, we observe similar 

structure, confirming as well, the absence of break-points at 0.5, 1.0 and 3.0 

CuDPPS3/chiral-BC4-NH2 ratio. These latter changes may be explained in terms 

of i) different symmetry for metallo-porphyrin CuDPPS3 than free-base 

H2DPPS3, and ii) peculiar molecular structure of chiral-BC4-NH2 (Fig.49b) with 
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respect to reported BC4 (Fig.44-left). In addition, the presence of an equilibrium, 

as illustrated in Fig.56, could further affect the resultant stoichiometries.  

In order to confirm these data, a Resonance Light Scattering (RLS) 

measurement were performed (Fig.61).† 

 

 
Fig.61 RLS spectra observed at the break-points upon portion-wise addition (0.25 µM)of the 

CuDPPS3 to a 2.5 μM aqueous solution of chiral bis-calix[4]arene at pH 2.0. 

 

In accordance with the Uv-vis titration the formation of discrete porphyrin-

calixarene complexes is also highlighted by an enhanced RLS response in the 

abovementioned break-points (1,5:1, 2:1, 3.5:1, 4:1- [CuDPPS3] / [chiral-BC4]). 

Finally, the chiral nature of (RR)- or (SS)-BC4-NH2 offers an immediate 

method to transfer chirality to the complexes by exploiting the chiral induction 

processes. In Fig.62 is reported the step-wise formation of CuDPPS3/chiral-BC4-

NH2 complexes by monitoring the induced circular dichroism (ICD) signal. 

Noteworthy, under 2:1 ratio is not observed any ICD, likely due to a very low 

absorbance of the complexes (data not shown). Instead more striking an ICD 

 
† Presumably, an instrumental problem is responsible for clipped peaks in RLS spectra. 
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signal appears at 2:1 ratio, becoming more evident at 4:1 ratio. In other words, 

we succeeded to induce supramolecular chirality in 1D CuDPPS3/chiral BC4-

NH2 complexes. 

 

 
Fig.62 CD spectra of an aqueous solution at pH 2.0 of a) CuDPPS3 (5 µM red dotted line, 10 

µM red solid line) in presence of (SS)-BC4 (2.5 µM); b) CuDPPS3 (5 µM black dotted line, 10 

µM black solid line) in presence of (RR)-BC4 (2.5 µM). 
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• H2DPPS2 / BC4 complexes 

As illustrated, H2DPPS3 and CuDPPS3 not only complex bis-calix[4]arenes 

hierarchically and stoichiometrically, but we are also able to transfer particular 

electronic properties into complexes, such as the chirality. However, both 

porphyrins own a sulfonate groups directly bonded to -pyrrolic position and it 

may be intriguing to investigate about its role in the self-assembly process. To 

this end, we employed the corresponding di-sulfonated 5,15-meso-bis(4-

sulfonatophenyl) porphyrin, H2DPPS2 (Fig.63), and the cationic bis-

calix[4]arene, BC4 (Fig.44-left). 

 

 
Fig.63 Molecular structure of H2DPPS2.

 

H2DPPS2 (ε400/H2O = 2.53  105 cm M-1) in water at pH 11 shows an intense 

Soret band at 400 nm and four Q band at 503 nm, 539 nm, 565 nm and 617 nm 

(Fig.64a, black plot). In acid condition (pH = 2.5) the core protonation occurs 

provoking the red-shift at 414 nm with two Q band at 562 nm and 619 nm 

(Fig.64a, red plot and its inset). Moreover, in Fig.64b are reported the respective 

fluorescence spectra at the same conditions. 
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Fig.64 a) Abs spectra in water solution of H2DPPS2 (2µM, pH 11.00-black solid line, pH 2.50-

dotted red line), Q-bands are evidenced in inset; b) Fluorescence spectra of H2DPPS2 2µM at 

pH 11.0 (λex = 400nm-black  line) and at pH 2.50 (λex = 414nm-red line).

  

From independent solutions experiments (Fig.65) we calculated that the 

value of pKa is about 3.50 (see inset of Fig.65). However, the pKa becomes equal 

to 3.30 when a titration experiment is performed as shown in inset of Fig.66-

panel b. This slight difference may be attributed to slow kinetic formation of 

H2DPPS2’s small aggregates by decreasing the pH during the titration, affecting 

as well, the real pKa of the porphyrin core. The modest growth of the light 

scattering in RLS measurements (Fig.66-panel a), as result of the addition of acid 

to naked H2DPPS2, seems to confirm such hypothesis. However, the 

experimental data rule out the possibility of an extensive aggregation process. 
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Fig.65 Absorption spectra of independent solutions of H2DPPS2 2 µM at different pH from 9.43 

to 0.69. Inset: Absorbance value at 400 nm (black circles) and at 414nm (red circles) vs. pH. The 

pKa  3.50. 

 

Fig 66 a) RLS spectra recorded during the titration of 2µM H2DPPS with HCl 6M and b) related 

Uv-Vis spectra. Inset: Abs value at 400 nm (black circles) and at 414nm (red circles) vs. pH. The 

pKa  3.30. 
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Afterwards, to investigate the interactions between the positively charged 

templating agent and the di-anionic porphyrin, we carried out a Uv-Vis titration 

of an aqueous solution of bis-calix[4]arene BC4 (2µM, pH = 10) with increasing 

amounts (0.25 µM) of H2DPPS2. As previously-observed, hypochromicity and 

broadening of the porphyrin Soret band occurs again over the course of the 

experiment (Fig.67a). Notable, a further absorption is present at about 350 nm 

(see panel a in Fig.67). According to literature,[47] this band may be assigned to 

an energy-transfer process between BC4 and H2DPPS2. 

 

 
Fig 67 a) Uv-Vis absorption spectra recorded over the course of the titration of an aqueous 

solution of BC4 (2 µM) with an aqueous solution of H2DPPS2, added stepwise (0.25 µM) at pH 

10.0 b) Variation in the absorbance of the H2DPPS2 Soret band (λ = 400 nm) observed upon: (i) 

increase of the porphyrin concentration in water at pH 10.0 (black dotted line) and (ii) portion-

wise addition (0.25 µM) of the porphyrin to a 2 μM aqueous solution of BC4 at pH 10.0 (multi-

colored line). On the right, schematic structures of the complexes are illustrated.

 

By plotting the variation of the absorbance at 400 nm versus the [H2DPPS2] 

/ [BC4] ratio, we can best monitor the self-assembly process. (Fig.67b). The self-

assembly of the porphyrins in the presence of the bis-calix[4]arene templating 
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agent (Fig.67b the black dotted line) corresponds to the absorbance of the Soret 

band of H2DPPS2 in the absence of BC4. Instead, the multicolored dotted curve, 

refers to the experiment in which BC4 was titrated with H2DPPS2. The latter 

indicates that the interaction of BC4 with H2DPPS3 causes hypochromic effects 

modulated by the stoichiometry of the complex. In fact the control of complex 

stoichiometry is highlighted by the presence of break-points evidenced in 

Fig.67b at ratio [porph]/[calix] 0.5:1, 1.5:1, 3.5:1 and 4:1. Moreover, after 

addition of the fourth equiv. of porphyrin, the slope of the titration curve becomes 

almost identical to that detected for H2DPPS3 on its own, indicating that the 

porphyrins are no longer interacting with the supramolecular complex. 

Nevertheless, the RLS spectra, performed at stoichiometric ratio (Fig.68), 

confirms the expected complexes as a consequence of their enhanced scattering. 

 

 
Fig 68 RLS spectra observed at the break-points upon portion-wise addition (0.25 µM)of the 

H2DPPS3 to a 2 μM aqueous solution BC4 at pH 10.0. 
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The successful formation of H2DPPS2/BC4 assemblies, having similar 

stoichiometries compared to H2DPPS3/BC4 and CuDPPS3/chiral BC4-NH2, 

suggests that the sulfonate group in -pyrrolic position doesn’t affect the entire 

self-assembly process. 
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4.2.2 Towards porphyrin/calix 2D assemblies: 

• CuTPPS/ Bis-Calix[4] tube complexes 

It has been demonstrated the possibility to govern the dimensionality of the 

porphyrin assemblies by means of the employment of suitable bis-calix[4]arenes 

(see ref.[170] and also the state-of-the art in chapter 4.1).  

However, the need to increase the rigidity of the entire assemblies is 

required in order to optimize the electronic communication. For this reason, a 

new calixarene building is necessary, and the choice falls on a water-soluble 

calix[4]tube based on a bis calix[4]arene scaffold: the octa-amino bis-

calix[4]arene tube, namely BC4T, whose structure is reported in Fig.69.† 

 

 

Fig 69 Molecular structure of BC4T. 

 
† The organic synthesis of BC4T was performed by research group of Prof. M.F.Parisi (University 

of Messina), and research group of Prof. S.Pappalardo (University of Catania). 
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The BC4T reported in Fig.69 owns the typical cone C4 symmetry, 

nonetheless, in water a conformational equilibrium occurs, by determining the 

presence of flatted-cone conformers with C2v symmetry (Fig.70). 

As a rule, in mono-calix[4]arenes the interconversion between two C2v 

symmetrical flattened cone conformers is fast on the NMR time scale and 

produces broadened spectra reflecting the time-averaged C4 symmetry of the 

core.[173]  However, the conformational motions can be more or less efficiently 

suppressed by intramolecular bridging,[174,175] or cation complexation.[176,177] 

 

 
Fig 70 Conformational equilibrium in BC4T.

 

In BC4T , although the calix[4]arene counterparts are greatly rigidified in 

C2v symmetry (in the solid state and also in solution), the conformational 

interconversion is not blocked but significantly decelerated.[173] The 

conformational instability in water could represent an issue to achieve the 

porphyrin complexation correctly. To this end, we carried out a spectroscopic 

titration, by adding small aliquots (0.25µM) of CuTPPS (Fig.44-right) to an 

aqueous solution of BC4T (2µM, pH = 2.0‡). The host-guest interaction 

 
‡ Strong acid conditions are strictly necessary to guarantee the full protonation of the eight amino-

groups in the BC4T. The evaluation of BC4T’s pKas are under investigation. 
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CuTPPS4-BC4T are evidenced thanks to the Soret band’s broadening and related 

hypochromicity (data not shown for this system). Moreover, a better analysis is 

reached by plotting the absorption at 412nm (i.e. Soret band’s maximum) against 

the CuTPPS4/BC4T ratio, as reported in trace b of Fig.71.  

 

 
Fig.71 Absorbance at 412nm of CuTPPS4 (λ = 412 nm) vs. [CuTPPS4]x4/[BC4Tube] ratio upon: 

i) increase of porphyrin in water on its (trace a in black dots); ii) portion-wise addition of 

CuTPPS4 (0.25 µM) to 2μM aqueous solution of BC4T (pH=2.0, trace b in black); iii) portion-

wise addition of CuTPPS4 (0.25 µM) to 2μM aqueous solution of BC4T(K+) (pH=2.0, trace c). 

 

However compared to previous systems, a close inspection of trace b in 

Fig.71 reveals the absence of clear break-points, highlighting as well, the 

appearance of an unpredictable break-point at 4:4 ratio. After that, the absorbance 

becomes equal to a solution containing bare CuTPPS4 (compare the traces a and 

b). The excessive conformational mobility of the BC4T displays important effect 

on the lack of stoichiometric control. 
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Nevertheless, BC4T show a remarkable high selectivity for potassium 

cation , and as a consequence, the potassium complexation blocks the bis-

calix[4]tube in the cone conformation (C4 symmetry).[178] 

Concerning the mode of entry of potassium into the calix[4]tube, two routes 

can be possible: axial route, where the cation initially passes through the 

calix[4]arene filter and then onto the polyether binding site, and the equatorial 

route, in which the cation is complexed directly by rearrangement of the 

cryptand-like binding site (Fig.72). The NMR kinetic results showing dramatic 

variation in the rate of potassium complexation on alteration of the calix[4]arene 

upper rim substituent tend to suggest the axial route of complexation, as NMR 

structural investigations show the polyether binding region to be conserved.[178] 

 

 
Fig 72 Potential routes for complexation of potassium by BC4T.

 

The potassium complexation was reached by treating 1 mg of BC4T, solubilized 

into 3 ml od DMF, with 10 mg of KI (molar ratio BC4T : KI = 1:88) under 

vigorous stirring for 20 days. Afterwards, the solution was filtered and 

evaporated in a rotavapor apparatus. The H1NMR characterization, as reported in 
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Fig.73, evidences several peaks due to simultaneous presence of the bis-calix[4] 

tube and the solvent (deuterated DMF). Respectively, the signals at 8.0ppm, 

3.5ppm and around 2.7ppm are ascribable to the solvent. Instead, the doublet 

about at 4.60-4.62ppm is attributable to methylene bridges of the calix, but more 

important is the singlet at 6.63ppm. This latter represents the aromatic hydrogens 

when a cone conformation is obtained. Conversely, if the BC4T was in flatted 

cone conformation two different peak should be expected, as the C2v symmetry 

implies unequal aromatic hydrogens. As a result, the 1H NMR measurements 

confirm the potassium complexation with a blocked cone conformation for the 

BC4T, now called BC4T(K+) 

 

 

Fig 73 1H NMR pattern of BC4T(K+) in deuterated DMF as solvent. 

 

In addition to NMR experiments, ESI-MS measurements were carried out in 

order to confirm the correct compound, by preparing aqueous solution of 
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BC4(K+) 5µM at pH = 2 to guarantee the protonation the amino group on the 

upper and lower rim (Fig.74). 

 

 
Fig 74 ESI-MS spectrum of BC4T(K+) sample in water (5µM, pH=2.0). 

 

MS pattern shows various peak ascribable not only to sample but also to 

traces of DMF from the previous potassium complexation step. In fact, signals at 

74Da and 147Da belong to protonated DMF and protonated dimeric-DMF, 

respectively. Nevertheless, the most interesting peak is centered at 287.1Da as 

attributed to the species [BC4T(K+) + HCl] + 3H+. The remaining signals are 

ascribable to other fragmented cations of BC4T(K+) and related counterions. 

As illustrated, BC4T(K+) is an homoditopic bis-calix[4]tube (above in 

Fig.69) with octa- amino groups whose protonation at pH =2.0 makes it soluble 
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in water and able to interact with anionic porphyrin such as copper (II) meso-

tetrakis(4-sulfonatpheyl) porphyrin, CuTPPS4 (Fig.44-right). 

To investigate the interactions between the positively charged templating 

agent and the tetra-anionic porphyrin, we carried out a Uv-Vis titration of an 

aqueous solution of bis-calix[4] tube BC4T(K+) (2µM) with increasing amounts 

(0.25 µM) of CuTPPS at pH=2.0. In agreement with previous studies,[47,170] 

hypochromicity and broadening of the porphyrin Soret band was observed over 

the course of the experiment (Fig.75). 

 

 
Fig.75 UV-vis absorption spectra recorded over the course of the titration of an aqueous solution 

of BC4T(K+) (2 µM) with an aqueous solution of CuTPPS4, added stepwise (0.25 µM) at pH 2.0. 

 

The self-assembly of the porphyrins in the presence of the bis-calix[4]arene 

templating agent can best be analyzed and understood by plotting the variation 

of the absorbance at 412 nm versus the [CuTPPS] x 4/ [BC4T(K+)] ratio. 

Compared to CuTPPS4-BC4T system (trace b in Fig.71), here the stoichiometric 

control is proved by visible break-points at ratio [porph]/[calix] 1:4, 2:4, 3:4, 4:4, 

5:4, 6:4 and 7:4 (see trace c -red circles- in Fig.71). Moreover, after addition of 
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the seventh equiv. of porphyrin, the slope of the titration curve becomes almost 

identical to that detected for CuTPPS on its own (compare traces a and c in 

Fig.71) indicating that i) porphyrins are no longer interacting with the 

supramolecular complex and ii) the maximum stoichiometry [porph]/[calix] is 

7:4. 

The CuTPPS-BC4T(K+) complex with stoichiometry 7:4 corresponds to a 

tridimensional structure where two porphyrins are staked above and below the 

plane traced from the 5:4 complex (see Fig.76 route a and also trace b in Fig.77). 

 

 

Fig.76 Schematic illustration about the dimensionality control in supramolecular complex 

CuTPPS-BC4T(K+): route a, 3D growth when two equivs. of CuTPPS are added to 5:4 structure; 

route b, in-plane growth when four equivs. of BC4T(K+) are added to pre-formed 5:4 complex. 

 

Nonetheless, the addition of twelve equivalents of BC4T(K+) at the 5:4 

complex doesn’t produce large variation in absorbance (compare the abs between 

5:4 and 5:16 complexes as indicated in Fig.77), pointing out the opportunity to 
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extend the structure over the plane (i.e., the 5:16 species – see Fig.76 route b and 

also trace c in Fig.77 below). 

 

 

Fig.77 Variation in the absorbance of the CuTPPS4 Soret band (λ = 412 nm) observed upon: i) 

increase of the porphyrin concentration in water at pH 2.0 (black dots, trace a); ii) portion-wise 

addition (0.25 µM) of CuTPPS4 to 2 μM aqueous solution of BC4T(K+) at pH 2.0 (red dots, trace 

b). Another experiment is shown in, trace c: as in the first case, a gradual titration of BC4T(K+)(2 

μM, pH = 2.0) with CuTPPS is performed up to ratio 5:4 (see the red arrow at ratio 5:4 in trace 

b). Then, twelve equiv. of BC4T(K+) are added (i.e. total [BC4T(K+)]= 8 μM) to build 5:16 

complex (see the blue arrow at ratio 5:16 in trace c). The titration was continued until 8.5µM of 

CuTPPS4 (trace c, blue circles). 

 

In fact, the addition of CuTPPS4 at pre-formed 5:16 complex provokes a 

significant hypochromicity (see trace c -blue circles- in Fig.77) which becomes 

more evident after the ratio [porph]/[calix] = 13:16 (see blue arrow at 13:16). In 

other words, in order to increase the stoichiometric from 5:16 to 13:16, 8 equivs. 

of CuTPPS4 bind the BC4T(K+)’s free-cavities as schematized in Fig.78. The 

following porphyrin piling, above and below the plane of 13:16 species, is 

responsible of a more significant hypochromic effect after ratio 13:16. Although 
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the highest stoichiometry observed in these complexes is 32:16 (i.e. due to charge 

balance), beyond ratio 17:16 the species start to precipitate and ,consequently, 

the titration was interrupted. 

 

 
Fig.78 Schematic illustration of the 2D complex with ratio [porph]/[calix] = 13:16. 

 

In conclusion, we demonstrated that the entrapping of potassium ion blocks 

the octa-amino bis-calix[4]tube in a cone conformation makes it able to complex 

the CuTPPS4 in water with 100% of yield. Moreover, the hierarchical titration 

allows for an exact stoichiometric control, switching as well, from 3D to 2D 

structure. 
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4.2.3 Towards long distance chiral transfer in 

porphyrin/calix 2D assemblies 

In state-of-the-art (chap. 4.1- pag.68), it has demonstrated the possibility to 

transfer chirality to porphyrin-calixarene complexes in water solution by a fully 

non-covalent approach.[171] In summary, upon formed the 1:4 (porph:calix) 

complex using the stepwise addition of copper(II) meso-tetrakis(4-

sulfonatophenyl)-porphyrin (CuTPPS4, Fig.79-right) to water solution of (BC4-

NH2, Fig.79-left), we performed addition of Δ-[Ru(phen)3]
2+ (or Λ-

[Ru(phen)3]
2+), as chiral templating agents,[179] producing the final ternary 

complex 1:4:4 (CuTPPS:BC4-NH2:Ru(phen)3). Finally we detected optical 

activity in the Soret region of the central CuTPPS, suggesting electronic 

communication between the external inducer and the central core of the 

supramolecular complex and consequently transmission of chirality. 

Although we have evidenced a short-range chiral transmission, most 

striking is, however, the perspective to enhance the chiral-transfer path in order 

to achieve a long-range chiral induction. In the light of these considerations, 

herein, we demonstrate that control over long-distance chiral communication has 

now been achieved. In order to demonstrate long-range chiral induction, we 

employed two metallo-porphyrins, such as manganese(III) meso-tetrakis(4-

sulfonatophenyl)-porphyrin (MnTPPS4) and CuTPPS4 (Fig.79-right), having 

different values of absorbance maximum wavelength, allowing to detect distinct 

induced CD bands. BC4-NH2 (Fig.79-left) was selected as molecular building 

blocks to realize the multi-porphyrin complexes with desired stoichiometry.  
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Fig.79 Molecular structure of BC4-NH2, (R)-and (S)-C4, MnTPPS4 and CuTPPS4. 

 

Then, enantiomeric forms of 5,11,17,23-tetraamino-25,26,27-tripropoxy-

28-[1-cyclohexylethylaminocarbonyl methoxy] ((R)- and (S)-C4, Fig.79-left) 

were employed to convey chirality in the entire network. 

First of all, we have confirmed the formation of MnTPPS4-BC4-NH2 

complex at the desired ratio (1:4) in water solution by Uv-Vis and fluorescence 

measurements (Fig.80). In details, we per-formed stepwise addition of increasing 

amount of MnTPPS4 (up to 2.50 µM) to 10 µM aqueous solution of BC4-NH2. 

As we reported previously the formation of porphyrin-calixarene complexes is 

driven by electrostatic interaction, therefore in order to foster the formation of 

MnTPPS4-BC4-NH2 (1:4) complex we decrease the pH of the biscalix solution 

at 2. Indeed at this pH we demonstrated that BC4-NH2 is completely 

cationic.[171]† 

 

 
† BC4-NH2 pKa1 = 4.5, pKa2 = 7.0 and chiral-C4 pKa = 2.5 
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Fig.80 Left-Uv-Vis spectra throughout the stepwise titration of 10µM BC4 (pH=2.0) with small 

aliquots of MnTPPS4 (up to 2.5 µM, green line) and CuTPPS (up to 10 µM red line). At the end 

of titration the total concentration of porphyrin was 12.5µM; Right- Fluorescence emission 

spectra of the same experiment. 

 

Gradual hypochromic effects and broadening band in the Soret regions of 

MnTPPS4 (see Fig.80-left), supported by a progressive quenching of the 

emission of BC4-NH2 (Fig.80-right), indicate the self-assembly of MnTPPS4 

and BC4-NH2. According to previous works,[47,171] the step-by-step formation of 

the porphyrin-calixarene complexes can be monitored by plotting the absorbance 

value (or the fluorescence emission) of porphyrin versus [porphyrin]x4/[BC4-

NH2] ratio (Fig.81).  

In the case of multi-metalloporphyrin:calixarene complexes in order to 

avoid spectral interferences due to simultaneous presence of different metallo 

porphyrin with similar absorbance wavelength maximum i.e. MnTPPS4 (λmax = 

467nm) and CuTPPS4 (λmax = 412nm), we prefer report the absorbance and 

fluorescence of calixarene involved in the assembly (absorbance at λ = 300nm 

and fluorescence at λ=425nm for BC4-NH2, Fig.81).  

Consequently, the addition of 1 equivalent of MnTPPS4 to BC4-NH2 

solution causes the formation of the first stoichiometric complex 1:4 (MnTPPS4 

: BC4-NH2) denoted by the break-point A (Fig.81). 
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Fig.81 Spectroscopic variations of BC4-NH2 (10µM, pH=2.0) in emission (left part) at 425nm 

(λex=300nm) and in absorption (right part) at 300nm. Break-points, namely A, B, C, D and E, 

represent the stochiometric ratio 1:4-, 2:4-, 3:4-, 4:4- [porphyrin]/[BC4-NH2] of the mixed-

complexes. On the left panel are illustrated the schematic structures for the first complex -1:4 

MnTPPS4/BC4-NH2- and for the intermediate complex -1:4:4 MnTPPS4/BC4-NH2/CuTPPS4. 

 

Afterwards, we proceeded the titration by adding different anionic 

porphyrin, CuTPPS, to fabricate the multi-metalloporphyrin complexes. 

Noteworthy, the complexation of CuTPPS provokes remarkable spectra 

variations in the fluorescence and absorbance of BC4-NH2, resulting in a large 

slope change beyond the first break-point (Fig.81-red dots). In details, 

fluorescence and absorption plots of Fig.81 show the existence of five distinct 

break-points (A, B, C, D and E) characterized by a change in the trace slopes (at 

least 15% of variation) suggesting the formation of stable discrete species (1:4:1, 

1:4:2, 1:4:3, 1:4:4 MnTPPS4:BC4-NH2:CuTPPS4 complexes), not in 

equilibrium each other and with 100% yield.  
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As we demonstrated previously, electronic communication between 

peripheral (CuTPPS4) and central (MnTPPS4) porphyrin mediated by BC4-NH2 

occurs.[170] As a result of perturbing the electronic properties of the peripheral 

porphyrin, some effect should be detected also for the central porphyrin. Starting 

from this consideration, we have induced the interaction of chiral mono 

calixarene C4 (Fig.79-left) with peripheral CuTPPS4 in the 1:4:4 complex 

(MnTPPS4:BC4-NH2:CuTPPS4) in order to transfer the chiral in-formation also 

to the central MnTPPS4. 

In details, we performed addition of 12 equivalents of (S)-C4 to preformed 

1:4:4 complex (MnTPPS4:BC4-NH2:CuTPPS4) at pH=2; identical experiment 

was carried out with (R)-C4. Unlike the previous case discussed above, 

concerning ternary complexes in presence of chiral [Ru(phen)3]
2+, here major 

complexity is expected, indeed in the new assembly 1:4:4 complex 

(MnTPPS4:BC4-NH2:CuTPPS4) the transfer of chirality should occur across a 

long-distance from the outside to the inner part of the assembly. Hence, the 

gradual addition of chiral (S)-C4 to preformed assemblies, as expected, provokes 

the appearance of dichroic signals in the Soret region of CuTPPS4 (Fig.82). 

Noteworthy, optical activity is observed also in the MnTPPS4 absorption region 

(Fig.82) confirming the long-distance chiral induction. Mirror image is detected 

when the (R)-C4 enantiomer is used. 

A potential explanation of this phenomena is the strong electron 

communication of the molecular building blocks involved in the supramolecular 

complex. In particular, the presence of a robust electronic coupling between the 

two chromophores, CuTPPS4 and MnTPPS4, detectable in the above-mentioned 

spectroscopic data, is responsive for long-range chiral transfer by non-covalent 

approach. 
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In summary, we have demonstrated that exploiting the hierarchical rules of 

supramolecular systems it possible to induce controlled self-assembly in aqueous 

solution of MnTPPS4, BC4-NH2, CuTPPS4 and chiral-C4 to realize a discrete 

supramolecular complex with desired stoichiometry. Moreover chirality has been 

successfully transferred to entire complex via the non-covalent interaction of 

chiral C4 with the peripheral building block, proving as well, the first long-range 

chiral induction in multi-porphyrin-calixarene complexes. Noteworthy, the 

central MnTPPS4 does not directly interact with chiral mono calix C4 as well as 

it is not in close contact with CuTPPS4. 

On the other hand, these findings accentuate the feasibility of non-covalent 

synthesis as efficient strategy for the building of complex supramolecular arrays 

imprinting defined features in terms of electron and chiral properties. 

 

 
Fig.82 Circular dichroism spectra of the enantiomeric 1:4:4:12-MnTPPS4/BC4-

NH2/CuTPPS4/(S)-C4 complex (solid trace, pH=2.0, [MnTPPS]=2.5µM, [BC4-NH2]=10µM, 

[CuTPPS]=10µM, [(S)-C4]=30µM). A mirror image CD signal is correctly observed in presence 

of the enantiomer (R)-C4 (dashed trace). On the right part is schematized the structure of the 

final chiral mixed-complex. 
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4.2.4 Towards porphyrin/calix 2D/3D assemblies: 

• CuTPPS4/ tris-calix[4] arene complexes 

Tris-calix[4]arene dodeca-ammonium chloride, TC4 (Fig.83-left), was 

obtained from the corresponding dodeca-amino precursor upon treatment with a 

0.01 M aqueous HCl solution. Enantiopure calix[4]arene tetra-ammonium 

chlorides, (R)- and (S)-C4 (Fig.83-centre) were available from previous 

studies.[171] TC4 and C4 are soluble in water and, as a result, readily available to 

electrostatically interact with the tetra-anionic Cu(II) meso-tetrakis(4-

sulfonatophenyl)porphyrin tetrasodium salt, CuTPPS4 (Fig.83-right). 

 

 
Fig.83 Molecular structures of TC4 (left), (R)- and (S)-C4 (centre), CuTPPS4, NiTPPS4 and 

MnTPPS4 (right). 

 

A Uv-Vis spectrophotometric titration of a 0.5μM aqueous solution of TC4 

with increasing amounts of CuTPPS4 causes, on the porphyrin Soret band (λmax 

= 412nm), a progressive hypochromic effect modulated by the relative 

stoichiometry of the two complementary components present in solution (data 
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not shown).[18] Close inspection of the diagram obtained by plotting the CuTPPS4 

absorbance vs. the [CuTPPS4]/[TC4] ratio (Fig.84) reveals the formation of 

complexes of different stoichiometry. 

¶  

 

Fig.84 Variation in the absorbance of the CuTPPS4 Soret band (λmax = 412 nm) observed upon: 

(i) increase of the porphyrin concentration in water (black trace a)) and (ii) portion-wise 

addition of the porphyrin to a 0.5 μM aqueous solution of tris-calix[4]arene TC4 at pH 2 (trace 

b). 

 

The straight black line (a) of Fig.84 accounts for the absorbance (at λmax = 

412 nm) of CuTPPS on its own, at increasing concentrations, while the 

multicoloured broken line (b) refers to the absorbance measured, at 412 nm, upon 

titration of a TC4 solution with increasing amounts of CuTPPS4.  

Stepwise formation of three discrete species – namely a 1:1, 2:1 and 3:1- 

(CuTPPS4:TC4) complex – is indicated by the presence of three distinct break-

points (labelled in Fig.84 as A, B and C, respectively) characterized by a change 

in the trace slope. After addition of the third equiv. of porphyrin to TC4, the slope 

of the titration curve becomes almost identical to that detected in the case of 
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CuTPPS4 on its own indicating that once the 3:1 (CuTPPS4:TC4) complex has 

quantitatively formed, the porphyrin molecules added in excess remain unbound 

in solution. 

Unlike the supramolecular assemblies formed in the presence of mono- and 

bis-calixarenes CuTPPS4 was seen to occupy the center of the supramolecular 

aggregate, driving the formation of the initial 1 : 4-(porphyrin-bis-calixarene) 

complex , in the present case tris-calixarene TC4 is the species dictating the 

stoichiometry of the self-assembly. The shape and bulkiness of TC4 most likely 

prevents the formation of a similar 1 : 4-(porphyrin/tris-calixarene) complex, 

favoring, on the contrary, the assembly of a 3:1 (porphyrin : tris-calixarene) 

complex in which TC4 acts as the core unit and the three CuTPPS4 units surround 

it (see the schematic structure in Fig.84). 

The three distinct break-points not only provide clear-cut evidence of the 

stepwise formation of 3: 1 (CuTPPS4:TC4) complexes, but also suggest the 

possibility of preparing mixed-porphyrin/tris-calixarene supramolecular 

complexes, by simply tuning the stoichiometric addition of different anionic 

metallo-porphyrins to a tris-calixarene solution. To this end, a spectrofluorimetric 

(as well as a Uv-Vis) titration of a 10 μM aqueous solution of TC4 with increasing 

amounts of different metallo-porphyrins (i.e., the tetrasodium salt of Cu(II), 

Ni(II) and Mn(III) meso-tetrakis(4-sulfonatophenyl)porphyrins, CuTPPS4, 

NiTPPS4 and MnTPPS4, respectively, see Fig.83-right) was carried out 

(Fig.85). 
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Fig.85 Variation of the TC4 (10μM at pH 2) emission at 390 nm (λex = 320 nm, left panel) and 

absorption at 320 nm (right panel) vs. [porphyrin]/[TC4]. Break-points A, B, and C indicate the 

[porphyrin]/[TC4] ratio at which the 1:1 -, 2:1- and 3:1- complexes, respectively are fully 

formed. The red, blue and green segments are meant to match the color code used to represent 

the three different porphyrins CuTPPS4, NiTPPS4 and MnTPP4S, respectively. 

 

The plot of the variation of the TC4 emission vs. the [porphyrin]/[TC4] 

ratio, in analogy to what was seen above, shows also in this case three break-

points peaking at the expected 1:1, 2:1 and 3:1 ratios, thus confirming the 

stepwise formation of mixed-porphyrin/tris-calixarene complexes of well- 

defined stoichiometry (Fig.85 left panel). Consistently, a similar trend was also 

detected (Fig.85 right panel) when the order of addition of the metallo-porphyrins 

to TC4 was reversed and the titration experiment was followed by Uv-Vis 

spectroscopy by looking at the TC4 absorbance (λmax = 320 nm). 

Besides the additional proof in favour of a stepwise assembly, collected 

with this mixed-porphyrin experiment, it should be emphasized that metallo-

porphyrins, in general, exhibit different electronic properties and consequently 

the non-covalent synthesis of hetero-porphyrin arrays with tuneable 

stoichiometry and sequence is a very appealing starting point towards the design 

of materials for electronic devices. Further growth of the 3 : 1-(CuTPPS4:TC4) 
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complex into bigger aggregates may in principle proceed along to two different 

pathways depending on the order/type in which building blocks are added: i) 

addition of TC4 (3 equiv. with respect to the initial tris-calixarene concentration), 

should induce a radial growth as a result of multiple electrostatic 

(sulfonate/ammonium) interactions between porphyrin and tris-calixarene 

subunits, ii) conversely, addition of appropriate monotopic calix[4]arene 

“stoppers” (9 equiv. with respect to the initial tris-calixarene concentration) 

followed by a porphyrin topping should, likely, yield a thickening of the 

supramolecular assembly promoted by π–π stacking interactions between piled 

porphyrins (Fig.86). 

 

 

Fig.86 Schematic representation of the two-possible growth pathways starting from the 3:1-

(CuTPPS4/TC4) core complex. 

 

The former path relies on the above-mentioned inability of CuTPPS4 to 

simultaneously bind four (sterically congested) TC4 molecules. In line with our 

prediction, addition of TC4 (3 equiv.) to the 3 : 1-(CuTPPS4:TC4) complex did 

not produce any significant variation of the absorbance (compare the two data-

points represented by the first red circle of trace (b) in Fig.87 with the close blue 

square. This spectroscopic evidence is consistent with the formation of a 3 : 4-
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(CuTPPS:TC4) assembly depicted in Fig.86, where one cavity of the newly 

added tris-calixarene is most likely interacting with the less hindered sulfonate 

group of the porphyrin. 

 

 
Fig.87 Variation in the absorbance of the CuTPPS4 Soret band (λmax = 412 nm) observed upon: 

(i) increase of the porphyrin concentration in water (black trace a) and (ii) portion-wise addition 

of CuTPPS4 to a pre-formed 3:4 species ([CuTPPS4] = 0.75 μM and [TC4] = 1.0 μM) at pH 2 

(trace b). The changes in slope of trace (b) – corresponding to break-points A, B and C – indicate 

the [CuTPPS4]/[TC4] ratio at which the 6:4, 9:4 and 12:4 assemblies, respectively are fully 

formed. The data-point represented by the blue square, next to the red section of trace (b), refers 

to the absorption of the 3:1-(CuTPPS4/TC4) assembly. 

 

Subsequent addition of increasing amounts of CuTPPS4 (up to 9 equiv. in 

total) to the 3:4 (CuTPPS4:TC4) assembly produces initially steady increments 

of the absorbance and then (in the 9–12 range) a small hypochromic effect (purple 

section of trace (b) in Fig.87). 

Accordingly, break-points A and B are compatible with the formation of a 

6:4 and a 9:4 (CuTPPS4:TC4) assembly, both obtained as a result of 

complementary electrostatic interactions (sulfonate/ammonium) between the 

porphyrin molecules and the empty cavities of the outer layer of the tris-
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calixarene molecules. Break-point C, on the other hand, indicates the formation 

of a discrete assembly where the newly added porphyrin molecules have most 

likely piled onto the three bridging CuTPPS4 units – present in the 9:4 species – 

ultimately yielding a 12:4 (CuTPPS4:TC4) assembly. Further incremental 

increase in the porphyrin concentration makes the slope of the titration curve 

grow again to eventually become almost identical to that detected for CuTPPS4 

on its own (compare trace (a) with the black section of trace (b) in Fig.87), 

indicating that porphyrins in excess remain unbound in solution. 

Overall, the sequence described so far allows the radial growth of tritopic 

calixarene/porphyrin assemblies to take place in a stepwise controlled fashion 

depending on the fine tuning of the two components added. 

As an alternative to a radial/planar growth, the 3:1 (CuTPPS4:TC4) core 

assembly may also expand in height, providing an appropriate water-soluble 

calix[4]arene is supplied instead of tris-calix[4]arene TC4. According to Fig.88, 

addition of (R)- or (S)-C4 (up to 9 equiv.) to the 3:1 (CuTPPS4:TC4) complex 

does not induce any substantial change to the absorbance of the CuTPPS4 Soret 

band (compare the pertinent data-points represented by the first red circle of trace 

(b) and the blue square, respectively), suggesting the initial formation of a 3:1:9 

(CuTPPS4:TC4:C4) assembly.  

After this, consistent with the break-points observed in Fig.88, portion-

wise addition of CuTPPS4 give rise to higher order aggregates (i.e., 6:1:9, 8:1:9, 

10:1:9, 11:1:9 and 12:1:9 (CuTPPS4:TC4:C4) with porphyrins stacked 

above/below the three positively charged regions, formed after the addition of 

calix[4]arene (R)- or (S)-C4.  
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Fig.88 Variation in the absorbance of the CuTPPS4 Soret band (λmax = 412 nm) observed upon: 

(i) increase of the porphyrin concentration in water (black trace a) and (ii) portion-wise addition 

of CuTPPS4 to a 0.5 μM aqueous solution of TC4at pH 2 containing 9 equiv. of (S)-C4 (trace b). 

The changes in slope of trace (b) – corresponding to break-points A, B, C, D, E and F – indicate 

the ratio of the components at which the 3:1:9, 6:1:9, 8:1:9, 10:1:9, 11:1:9 and 12:1:9 

(CuTPPS4:TC4:(S)-C4) assemblies, respectively, are fully formed. The data-point represented 

by the blue square, next to the red section of trace (b), refers to the absorption of the 3:1 

(CuTPPS4:TC4) assembly. 

 

Compared to the case of the radial growth (Fig.86-right and Fig.87), the 

hypochromic effect seen on the porphyrin Soret band upon portion-wise addition 

of CuTPPS4 to a solution of the 3:1:9 (CuTPPS4:TC4:C4) assembly is more 

pronounced. This difference stems from a more intense electronic 

communication between the stacked porphyrins and the peripheral C4 units 

present in the complex. Between the 8:1:9 and the 10:1:9 (CuTPPS4:TC4:C4) 

assemblies the hypochromic effect is more pronounced owing to the presence of 

additional porphyrin molecules that stack above/below the plain, increasing the 

electronic communication. 

Once the 12:1:9 (CuTPPS4:TC4:C4) assembly has formed, further addition 

of porphyrin aliquots to the solution does not cause any optical variation 
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compatible with a further growth of the supramolecular assembly. Porphyrins 

added at this stage do not interact with the supramolecular aggregate present in 

solution and, as a result, the slope of the titration curve (black segment of trace b 

in Fig.88) matches the one observed in the case of CuTPPS4 on its own (trace a 

in Fig.88). 

Furthermore, the use of enantiomerically pure calix[4]arenes (R)-C4 and 

(S)-C4 as supramolecular “stoppers” of the radial growth of our systems raised 

the question whether or not these species were able to induce chirality to the 

entire supramolecular aggregate.  

Surprisingly and unlike earlier findings on the chiral induction mediated by 

C4 on the 1:4 (CuTPPS4:C4) complex,[171] in the case of the 3:1:9 

(CuTPPS4:TC4:(R)-C4) assembly, the presence of 9 molecules of (R)-C4 gives 

rise – in the porphyrin Soret region – to a very modest positive, induced circular 

dichroism (ICD) signal. This signal is shown in the inset to Fig.89 (the mirror 

image seen in the same inset refers to the ICD signal detected upon addition of 

the (S)-C4 enantiomer).  

This unexpected result is probably related to the inability of each porphyrin 

molecule to tightly interact with three chiral (R)- or (S)-C4 calixarene molecules 

while simultaneously bound to the sterically demanding tris-calixarene core. 

On the other hand, addition of CuTPPS (3 equiv.) to the 3:1: 9 

(CuTPPS4/TC4/(R)-C4) assembly yields a new 6:1:9 (CuTPPS4/TC4/(R)-C4) 

species that displays an intense bisignate ICD signal in the porphyrin absorption 

region (Fig.89, solid black trace). 
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Fig.89 CD spectra of an aqueous solution (pH 2.5) of the 3:1:9 (CuTPPS4:TC4:(R)-C4) assembly 

([TC4], [CuTPPS4] and [(R)-C4]: 1.5, 0.5 and 4.5μM, respectively; solid trace in the inset), the 

6:1:9, 9:1:9 and 12:1:9 (CuTPPS4:TC4:(R)-C4) assemblies (black, red and blue traces, 

respectively; [CuTPPS4] was varied from 1.5 to 3.0, 4.5 and 6.0 μM, respectively). Dashed traces 

(and the dotted one in the inset) refer to the same experiment carried out in the presence of the 

(S)-C4 enantiomer. 

 

The intensity of this ICD signal reaches a maximum upon formation of the 

9:1:9 (CuTPPS4/TC4/(R)-C4) assembly (Fig.89, solid red trace) and then in the 

12:1:9 assembly almost halves, after a further aliquot of CuTPPS (3 moles) has 

been added (Fig.89, solid blue trace). A similar trend, but with mirror-image 

signals, is detected when (S)-C4 is added instead of (R)-C4 (Fig.89, dashed 

traces). 

In agreement with the dramatic intensity enhancements of the ICD signal 

observed in Fig.89, our data suggest that the porphyrin stacking acts as a sort of 

“molecular glue” by strengthening the electronic communication between the 

achiral 3:1 (CuTPPS4:TC4) core complex and the chiral (R)- or (S)-C4 

supramolecular stoppers. The intensity drop observed on moving from the 9:1:9 

to the 12:1:9 (CuTPPS4:TC4:(R)-C4) assembly is attributable to the increasing 

distance between the chiral inducer ((R)-C4) and the outer layer of porphyrins 

added. 
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4.3 

Final Remarks  

In the first paragraph (chap. 4.2.1) we have shown that tri-sulfonate 

porphyrin (H2DPPS3) and its metal-derivative (CuDPPS3), in the presence of 

ditopic calix[4]arene BC4 and chiral-BC4-NH2, respectively, self-assembles in 

aqueous solution. The self-assembly of porphyrin/calixarene complexes follows 

strict hierarchical rules, in terms of sequence of reagents’ addition and formation 

of specific final stoichiometry. In particular, we observed, for H2DPPS3:BC4 

complexes, exact break-points at 0.5:1, 2:1 and 4:1 [H2DPPS3]:[BC4] by means 

of a step-wise titration at neutral pH.  

Regardless, complexes with stoichiometry higher than 4:1 

[H2DPPS3]:[BC4] have not been achieved yet. On the contrary, a step-wise 

titration of both enantiomeric forms of BC4-NH2 (SS- and RR-) with CuDPPS3 

leads to break-points at 1.5:1, 2:1, 3.5:1 and 4:1 [CuDPPS3]:[chiral-BC4] 

confirmed as well by RLS measurements. The employment of CuDPPS3 with 

chiral-BC4-NH2 rather than its free-base precursor is explained by the need to 

have acid pH values during the titration where else the H2DPPS3 protonation 

occurs. Moreover, the chiral nature of (RR)- and (SS)-BC4 provides a quite 

simply strategy to induce chirality in CuDPPS3:chiral-BC4 complexes. The 

transfer of chirality has been demonstrated by monitoring the ICD signals 

throughout the titration. The 4:1 [CuDPPS3]:[chiral-BC4] complexes display the 

higher induced circular dichroism. 

The presence of a -sulfonate group in H2DPPS3 and CuDPPS3 asks the 

question concerning its role in the self-assembly process with BC4. For this 

reason, a gradual titration of BC4 with di-sulfonate H2DPPS2 was carried out, by 
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demonstrating a hierarchical and stoichiometric self-assembly, almost 

comparable to aforementioned complexes. Presumably, the -sulfonate group 

acts as electrostatic stabilizer rather than as active part in the self-assembly. 

Towards a major complexity is argument of the paragraph 4.2.2. Here, the 

bis-calix[4] tube, BC4T(K+) has been employed successfully to build 2D 

arrangements with the CuTPPS4 porphyrin. In particular, if the potassium ion is 

entrapped into the bis-calix cage, the BC4T will be blocked in the cone 

conformation. As a result, the reduced conformational equilibrium makes 

BC4T(K+) suitable to interact with CuTPPS4, achieving in turn, defined 3D or 

2D complexes. In fact, the use of a di-topic calixarene with an oppositely charged 

tetra-topic porphyrin allows to build supramolecular structure whose growth in 

the space (i.e. 7:4-CuTPPS4:BC4T(K+) complex) or over the plane (that is 13:16-

CuTPPS4:BC4T(K+) complex) depends on the addition’s sequence of porphyrins 

and calix[4]arenes. 

As such, the control of stoichiometry, sequence and dimensionality 

becomes essential when we desire to confer some precise electronic properties in 

all supramolecular complex. In this respect, paragraph 4.2.3 illustrates the 

possibility to convey chirality in a 2D multi-porphyrin/calixarene complex. 

Indeed, the hierarchical self-assembly of anionic MnTPPS4 and CuTPPS4 with 

cationic BC4-NH2 produces a planar mixed-complex (i.e. 1:4:4-MnTPPS4:BC4-

NH2:CuTPPS4). The coordination of the chiral mono-calix[4]arene (namely 

chiral-C4) onto bis-calix[4]arenes’ free cavities transmits chirality in the mixed-

complex. Indeed, we observe optical activity in the Soret region of CuTPPS4 

(external porphyrin) and MnTPPS4 (internal porphyrin), providing for the first 

time the evidence of a long-distance chiral transfer in porphyrin-calixarene 

complexes. 

In paragraph 4.2.4, we have shown that tetra-sulfonate metallo-porphyrins 

(CuTPPS4, MnTPPS4 and NiTPPS4) in the presence of tripodal calixarene TC4, 
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bearing three tetra-ammonium-calix[4]arene subunits covalently linked to a tris-

phenylamino central core, self-assemble.  

However, unlike previously reported porphyrin/calixarene assemblies, the 

discrete 3:1 CuTPPS:TC4 complex formed here displays a TC4 unit acting as the 

central/inner molecular building-block. Formation of this 3:1 core complex as 

well as the following higher-order assemblies (up to the 12:4-(CuTPPS:TC4) 

species) is consistent with hierarchical (electrostatic sulfonate/ammonium over 

π–π interactions) and steric hindrance effects operating simultaneously. On the 

other hand, the radial growth of the 3:1 CuTPPS:TC4 complex can be 

deliberately prevented by adding appropriate supramolecular “stoppers” (e.g., 

(R)- and (S)-C4) and, as a result, the growth of the intermediate three-component 

assembly thus formed 3:1:9 (CuTPPS:TC4:C4) can be redirected. Further 

addition of porphyrin molecules, at this stage, forces the assembly to expand in 

height (3D stacked growth) by taking advantage of π–π interactions between 

porphyrin molecules. This alternate pathway is confirmed not only by UV-vis 

observations but also by the appearance of an intense bisignate ICD signal in the 

porphyrin absorption region. This last finding demonstrates that the addition of 

an enantiopure component ((R)- or (S)-C4) allows chirality to be transferred from 

the molecular to the supramolecular level. 

In conclusion, we can affirm that calixarenes represents fascinating hosts 

to govern the porphyrins’ aqueous self-assembly in terms of stoichiometry, 

sequence, dimensionality and electronic properties. 

 



 

121 

 

 

 

 

 

5. SECTION II: 
covalent approach 

 

 



 

122 

5.1 

Covalent Organic Framework, Metal-organic 

Framework and Supramolecular Framework  

The molecular synthesis of organic compounds has been dominated[180] 

traditionally by kinetically controlled reactions, which result in the irreversible 

formation of (strong) covalent bonds. In this kind of synthetic chemistry, 

reagents, catalysts and conditions are chosen very carefully for the efficient 

production of a single product. In essence, a more favorable energetic pathway 

to the formation of a particular product, rather than other possible products, is 

usually the objective. The irreversible nature of the reaction guarantees that, once 

the particular product is formed, it is not possible either for the starting materials 

to be reformed from it or for it to be converted into another product (at least under 

the conditions of the reaction). In this manner, chemists have historically devised 

efficient syntheses of both natural and synthetic products. 

Polymer chemistry is the clearest example how the organic synthesis meets 

the material science. Polymers are used in a wide range of applications, as 

coatings, as adhesives, as engineering and structural materials, for packaging and 

for clothing. A key feature of the success and versatility of these materials is that 

it is possible to build in properties by careful design of the (largely) organic 

molecules from which the chains are built up. There is now an increasing demand 

for highly specialized materials for use in for example optical and electronic 

applications and polymers have been singled out as having particular potential in 

this regard. For example, there is considerable interest in the development of 

polymers with targeted optical properties such as second-order optical 
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nonlinearity,[181] and in conducting polymers as electrode materials, as a route 

towards supercapacitors[182] and as electroluminescent materials.[183]  

However, a criticism associated to these porous polymers is the difficulty 

to synthesize a fully crystalline solid. Indeed, the formation of dense non-

crystalline solids by linking building units (i.e. monomers) is expected to be 

thermodynamically favorable.[22,184] In order to obtain a porous crystalline 

polymer, the covalent bonds should be reversible, allowing for self-correction of 

defects. This strategy it’s also called Dynamic Polymerization.[21] 

Recently, an important development is the construction of polymeric 

porous solids, such as crosslinked polymers,[185] Covalent Organic Frameworks 

(COFs), Metal-Organic Framework (MOFs)[186–189] and Supramolecular 

Organic Frameworks (SOFs).[190–192] 

Here, the main difference between a conventional polymer and a novel 

porous framework: COFs, MOFs and SOFs are built from organic -or metal-

organic and supramolecular- linkers via slightly reversible reactions.[184,193,194] 

The reversible nature of such reactions permits the formation of a crystalline 

structure rather than an amorphous polymer, as it allows for error correction and 

rearrangement of the network by cleavage and reformation of connections within 

the lattice.[194] 

 



 

124 

5.2 

State-of-the-art 

Covalent Organic Frameworks (COFs) represent a fascinating class of 

porous organic materials synthesized by polymerization of suitable organic 

building blocks through covalent bonds.[193] The first COF was synthesized by 

the self-condensation of boronic acids to produce boroxine anhydride-based 

linkages in the form of B3O3 rings.[195] Since their crystalline and porous 

structure, COFs are often called as “organic zeolites”. In principle, all synthetic 

routes employed in organic chemistry are useful for building organic 

frameworks. 

The main classes of reactions are reported in Fig.90. The reaction A is 

based on a self-condensation of boronic acids; reaction B involves a condensation 

between boronic acids and catechols; in alternative, reaction C employs boronic 

acids and silanols; reaction D represents a nitrile cyclotrimerization; reactions E 

and F are based on the reversible formation of imine bonds (i.e. Schiff-base 

linkage). In particular, this latter reactions have been largely used to synthesize 

several COFs.[24] In fact, COFs based on Schiff chemistry (or dynamic imine 

chemistry) own multiple advantages: numerous precursors available, enhanced 

chemical stability, interesting properties and applications.[24,31,196]  

Solvothermal synthesis is the most used method to prepare COFs based on 

Schiff-base chemistry.[24,31] It consists of a reaction performed into a sealed Pyrex 

tube under inert atmosphere and high temperature (usually, between 85 °C and 

120 °C) for several days. 
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Fig.90 Most important condensations used in COFs synthesis.

 

The choice of the reaction temperature plays a key role since the 

condensation’s reversibility depends on temperature conditions. The temperature 

is not the only crucial parameters, but even the solvents (or their combination) 

and the stoichiometric ratio can affect the reversibility of the reaction as much as 

COFs’ crystallinity.[24,193] 

Concerning imine-based COFs, recently it has reported the first fast 

synthesis of a crystalline 2D COF, performed at room temperature, RT-COF-

1.[30] 
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The Schiff reaction, catalyzed by acid acetic at room temperature and in 

air, between two trigonal building blocks, 1,3,5-tris(4-aminophenyl)benzene 

(TAPB) and 1,3,5-benzenetricarbaldehyde (BTCA), in m-cresol or DMSO, leads 

to the formation of RT-COF-1, Fig.91. 

 

 

Fig.91 Schematic synthesis of RT-COF-1 from BTCA and TAPB.

 

Noteworthy, the formation of imine-based frameworks has required the use 

of high temperatures most of time. As a consequence, this synthesis at room 

temperature represents innovative advances in COFs chemistry. 

RT-COF-1 is steady up to 450 °C , and also it exhibits crystallinity, laminar 

hexagonal structure and porosity (BET surface N2 = 329 m2 g-1 ; BET surface 

CO2 = 369 m2 g-1).  

As a result of the easy tunable reaction, conducted under soft conditions, 

RT-COF-1 was successfully employed to realize direct on-surface patterning on 

rigid and flexible substrates by using both lithography-controlled wetting (LCW) 

and inkjet printing technologies.[30] Moreover, the reaction between BTCA and 
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TAPB was performed under continuous microfluidic conditions to fabricate an 

highly crystalline framework, consisting of fibrillar micro-structures with a 

mechanical stability which allows for a direct 2D and 3D printing on a 

surface.[23,63,197] 

Although the progress in the synthetic routes has increasingly led to 

crystalline COFs, their synthesis often yields polycrystalline or amorphous 

products rather than single crystals. Single-crystal are needed for modeling the 

COFs nanostructure without resort to theorical parameters which are often 

unattainable.[198] A successfully strategy in order to obtain a 3D single-crystal 

COF was to increase the reversibility of imine bond formation and dissociation 

by means of the imine-exchange strategy. This was achieved by adding a large 

excess of aniline to the reaction mixture, where aniline functions as a modulator. 

Thus, the addition of aniline (in large excess) increases the overall concentration 

of amine in the reaction, enhancing the reversibility of imine bond formation and 

the process of error corrections, and ultimately, crystallization.[198] Thanks to 

afore-mentioned strategy, Yaghi and co-authors were able to produce a single 

crystals of 3D COF-300 up to 100 µm in size within 30 - 40days.[198] 

As such, the supramolecular π- π interactions between single layer in a 2D 

COF (e.g. RT-COF-1) makes difficult to realize a single-crystal. In this context, 

a strategy to achieve a single-crystal of RT-COF-1 is highly desirable for 

unexpected findings that may open up. 

Metal-organic Frameworks (MOFs), also called porous coordination 

polymers (PCPs), are coordination networks of metal complexes, often 

multinuclear species, with multifunctional organic ligands (i.e. linkers). In detail, 

these materials are constructed by joining metal-containing units with organic 

linkers, by using strong bonds to create open crystalline frameworks with 
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permanent porosity.[188,189] The repeating coordination entities are usually metals 

or metal ions (clusters, multinuclear complexes) and organic multidentate ligands 

(linkers).[189,199–201] The role of the cluster is to direct the coordinating linkers into 

predefined directions in space. Thus, they are often regarded as the “nodes” of 

the network.[188,189,200] Some examples of inorganic nodes and organic linkers are 

shown in Fig.92 below. 

 

 

Fig.92 Prototypical examples of the inorganic building blocks and organic ligands, often used 

for the construction of MOFs. 
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The basic design principles of MOFs date back to the concept introduced 

by Robson in 1990, which relies on building block concept.[202] However, thanks 

to Omar Yaghi in the early 2000s the concepts of “reticular synthesis,” and 

“secondary building units” (SBU) were widely employed to create ordered and 

porous frameworks.[186] In essence, reticular synthesis can be described as the 

process of assembling judiciously designed rigid molecular building blocks into 

predetermined ordered structures (networks), which are held together by strong 

bonding. It is different from retrosynthesis of organic compounds, because the 

structural integrity and rigidity of the building blocks in reticular synthesis 

remain unaltered throughout the construction process—an important aspect that 

could help to realize fully the benefits of design in crystalline solid-state 

frameworks.[186,188] Similarly, reticular synthesis should be strictly distinguished 

from supramolecular assembly, because in the former, building blocks are linked 

by strong bonds throughout the crystal. 

Moreover, it is difficult (although not impossible) to attempt a priori 

synthesis of structures, such as those presented above, from simple metal ions 

and organic links because ions hold little directional information. This relative 

lack of directionality often results in flexibility around the metal ion.[186] For this 

reason, Yaghi and co-workers successfully extrapolated the principle secondary 

building units (SBUs) to design rigid frameworks. The term secondary building 

unit has been used for some time to describe conceptual fragments of zeolites; in 

the context of reticular synthesis it refers to the geometry of the units defined by 

the points of extension of the metal nodes.[186,188,189]  

This approach, based on the concept of SBUs, has been useful in 

rationalizing the topologies of MOF structures and more importantly, it has 

allowed the synthesis and use of a large number of inorganic and organic SBUs 

with varying geometries. In many of these cases, identifying the reaction 
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conditions that produce an SBU with a specific geometry in situ means that the 

addition of a rigid organic SBU will result in the formation of a predetermined 

network. In other words, with this strategy it is now possible to control the overall 

coordination number of the inorganic and organic SBUs, and therefore the need 

to identify the networks that are expected to form from different geometric shapes 

becomes particularly acute.[186,188,189] 

In Japan, Susumu Kitagawa was among the early pioneers to explore the 

field of coordination polymers in the early 1990s starting with the synthesis and 

characterization of Cu- and Ag-based 1D coordination polymers.[203] 

In parallel in another part of the world, Omar Yaghi used squarates in the 

combination with Mn2+ and Zn2+ ions in the synthesis, resulting in compounds 

with hydrogen-bonded chains, sheets, and even 3D frameworks.[204] 

Later, the synthetic strategies for the construction of the porous solids were 

highlighted by applying a modular approach to a number of organic ligands and 

metal clusters resulted in numerous porous materials.[205] Among them, the 

Zn4O(1,4-benzenedicarboxylate)3, named as MOF-5 (Fig.93), was an absolute 

record holder in terms of porosity.[206] Indeed, high gas storage capacity of MOF-

5 was confirmed soon experimentally in cryogenic hydrogen physisorption 

experiment at 77 K, resulting in a record of 7.1 wt.% excess uptake at 40 bar.[207] 
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Fig.93 Unit cell structure of MOF-5. The yellow sphere represents the volume of the pore. 

Oxygen in red, carbon in black, and hydrogen in white. Tetrahedrons represent the 

coordination of 1,4-benzenedicarboxylate to the Zinc centre.

 

MOFs are usually synthesized via one-pot self-assembly reactions between 

ligands and metal salts in solutions between room temperature and 250 °C. 

Crystalline products, in particular single crystals large enough for single-crystal 

diffraction, are always desired in MOF synthesis. At near room temperature, the 

slow evaporation of solvents of a reaction solution or slow diffusion of 

solvent/solution to control the reaction rate and promote single crystals growth is 

often adopted. At higher temperature and pressures, generally termed 

solvothermal approach, reaction times are usually reduced, but single crystalline 

products are still observed. Controlling the reaction rate, by for example adjusting 

the pH value of the reaction solution, is always important to obtain high-quality 

crystalline products, and drive the formation of a kinetic over thermodynamic 

product, although this last area remains largely unstudied.[201] 
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Nowadays, the lively interest to the MOF research is reflected in the 

constant development of new materials for gas storage[208,209] and separation[210] 

as well as heterogeneous catalysis[199] and chemical sensors.[200] 

Another class of low-density porous organic crystalline materials is 

constituted by Supramolecular Organic Frameworks (SOFs). In respect with 

COFs and MOFs, SOFs can be defined as porous solid of two or more organic 

species held together exclusively by non-covalent interactions such as hydrogen-

bonding, halogen-bonding, cation−π, π−π, or van der Waals 

interactions.[190,191,211,212]  

The scientific interest towards SOFs arises from the fact that the 

hydrothermal or solvothermal techniques for the preparation of traditional “hard” 

materials -COFs and MOFs- typically require high temperatures and long 

reaction times, which do not appear to provide a promising perspective for self-

assembled regular soft architectures such as supramolecular frameworks.[192] 

Conceptually, SOFs represent a special kind of supramolecular polymers that 

possess substantially increased structural regularity, which allows enhanced 

capacity of encapsulation.  

Although the library of SOFs is still relatively small and in need of 

expansion, more examples of SOFs have begun to emerge to bring about unique 

functions.[213] Most of the porous SOFs are crystallized with single component 

organic building blocks by varying different solvents, similar to preparing 

molecular crystals. The organic components within SOFs are closely packed to 

maximize the intermolecular interactions, and as a result the porosity in these 

crystals is often not spontaneous.[191] 

The formation of SOFs is mainly based on two important concepts: 

preorganization and multivalence, both of which are expected to enable stable 
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binding and ordering of the resulting supramolecular architectures. In this regard, 

the first homogeneous 2D SOF was reported in 2013, which utilized the 

hydrophobically driven encapsulation of the homodimers of the N-phenyl-4,4′-

bipyridine (PBP) unit in the cavity of the cucurbit[8]uril (CB[8]) rings to 

periodically hold rigid triangular monomers together in 2D space (Fig.94).[214] 

The CB[8]@(PBP)2 encapsulation motif is one of the representative examples of 

host–guest chemistry, which have been employed widely for the construction of 

various supramolecular polymers in aqueous media. 

 

 

Fig.94 Schematic representation of the water self-assembly patterns of different building blocks 

with CB[8] in red and PBP in blue.

 

A similar strategy was employed in 2014 for the formation of a 3D 

homogeneous SOF. Here, the encapsulation in water of the tetrahedral derivative 

of 4-(4-methoxyphenyl)pyridin-1-ium by cucurbit[8]uril rings was reported 

(Fig.95).[215]  
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Fig.95 Illustration of the water self-assembly between the tetratopic derivatives of 4-(4-

methoxyphenyl)pyridin-1-ium and cucurbit[8]uril in order to realize a 3D SOF.

 

Both aforementioned SOFs (2D and 3D) are soluble in water but can also 

maintain their structural periodicity in the solid state. Noteworthy, the attempt to 

generate porosity in such materials by means of solvent removal may result in 

the collapse of the entire molecular assembly into a densely packed or an 

amorphous phase. However, careful selection of building blocks and meticulous 

engineering of the intermolecular interactions may afford a robust assembly 

which can withstand the removal of solvent molecules, forming a porous 

SOF.[190,191] 

The exploration of the functions of homogeneous SOFs is still at the early 

stage. Nevertheless, a number of SOFs already exhibit unique properties and 

functions. For example, Zhao and co-workers synthesized a SOF suitable as 

efficient fluorescent chemosensor for the detection of picric acid with high 

selectivity and sensitivity.[216] 
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Zhang et al. found a supramolecular framework which exhibits modest 

antimicrobial activity against methicillin-resistant Staphylococcus aureus.[217] 

Conversely, the capacity of 3D diamondoid and cubic SOFs for the adsorption of 

nitrogen was found to be very weak, which may be attributed to the polycationic 

nature of these frameworks.[213] However, SOFs exhibit extremely strong 

capacity of adsorbing anionic organic guests, including dye, drug, peptide, DNA, 

anionic dendrimer , which can be rationalized on the basis of “hard and soft acids 

and bases” theory.[213] 

Nevertheless, the self-assembly conditions for the formation of these new 

organic porous materials are extremely mild. Such assembly has been only 

demonstrated in water but should not be limited to just water and could be 

extended to other solvents. This is in sharp contrast to the harsh solvothermal 

conditions for the generation of MOFs and COFs. 2D SOFs are more structurally 

diverse and have been revealed to exhibit interesting functions in tuning the 

fluorescence of conjugated segments and antimicrobial activity. As a result, a 

large family of homogeneous water-soluble porous SOFs may also be expected 

to find applications as biomedical materials in the future.[213] Furthermore, the 

adsorption of anionic organic guests into the internal of 3D SOFs opens the door 

for exploiting new functions. Several other possibilities could be envisaged by 

modifications of the monomers and expansion of the pores of the framework. 
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5.3 

Results and Discussions  

The purpose of this chapter is to summarise the research activities which 

were conducted at Universidad Autónoma de Madrid, under the supervision of 

Prof. Félix Zamora. Noteworthy, all the following data are currently under further 

investigations. All reagents, solvents and catalysts employed in this chapter, were 

purchased by Sigma-Aldrich and used without further purification. 

First of all, in order to become familiar regarding the organic synthesis of 

the RT-COF-1’s building blocks, we carried out the synthesis of 1,3,5-tris-(4-

aminophenyl)benzene (TAPB).  

As shown in Fig.96, the synthesis of TAPB is a palladium-reduction of the 

corresponding nitro-precursor, the 1,3,5-tris-(4-nitrophenyl)benzene (TNPB).  

 

 

Fig.96 Schematic synthesis of 1,3,5-tris-(4-aminophenyl)benzene (TAPB). 

 

In order to obtain the TNPB, trifluoromethanesulfonic acid (0.5 mL, 5.7 

mmol) was added to a solution of p-nitroacetophenone (25 g, 152 mol) in toluene 

(100 mL). The solution was stirred under reflux in a Dean-Stark for 72 h. The 
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reaction mixture was then cooled with ice to obtain a black solid, which was 

filtered and washed with DMF in a soxhlet extractor until it turned yellow. 1,3,5-

tris-(4-nitrophenyl)benzene was obtained with 75% yield. Afterwards, a 

suspension of 1,3,5-tris-(4-nitrophenyl)benzene (3 g, 6.8 mmol) and palladium 

on carbon (10 wt%, 0.7 g, 0.66 mmol Pd) in ethanol (120 mL) was heated until 

reflux. Then, hydrazine (60 wt%, 25 mL, 482 mmol) was added dropwise, and 

the mixture was refluxed for 10 h. The hot solution was filtered through celite 

and left undisturbed until a white product crystallized. The crystals of 1,3,5-tris-

(4-aminophenyl)benzene were filtered and washed with cold ethanol. The 

product was obtained with 82% yield. 

Moreover, we performed another synthesis, as shown in Fig.97, the 

triformylphloroglucinol (TP). 

 

 

Fig.97 Schematic synthesis of triformylphloroglucinol, TP, (-right) starting from  

phloroglucinol (-left).

 

In order to obtain the TP, 90 mL trifluoroacetic acid was added to 

hexamethylenetetramine (15.098 g, 108 mmol) and dried phloroglucinol, 1,3,5-

tris-hydroxybenzene, (6.014 g, 49 mmol) under inert atmosphere (Argon). The 

solution was heated at 100 ºC for 3 h under distillation condition. Then, 150 mL 

of 3 M HCl was added and the solution was heated at 100 ºC for 1 h. After cooling 

to room temperature, the solution was filtered through celite and extracted with 
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500 mL dichloromethane, dried over magnesium sulfate, and filtered. Rotary 

evaporation of the solution afforded 1.48 g (7.0 mmol, 14 %) of as an off-white 

powder. 

Subsequently, we synthesized the RT-COF-1, as reported in Fig.98. 

However, the procedure to obtain the RT-COF-1 was carried out at room 

temperature. with an innovative gel-synthesis by using only acetic acid as solvent 

in comparison with the previous literature.[30] 

 

 

Fig.98 Schematic synthesis of RT-COF-1 in gel conditions at room temperature.

 

For this reason, 430 mg (1.23 mmol) of 1,3,5-tris(4-aminophenyl)benzene 

(TAPB) were dissolved in 30 mL of glacial acetic. On the other hand, 200 mg 

(1.23 mmol) of 1,3,5-benzenetricarbaldehyde (BTCA) were dissolved in another 

30 mL of the same solvent. Both solutions were subsequently mixed at room 

temperature, under inert atmosphere (Ar) and the mixture was kept under stirring.  

It was observed, almost immediately after the mixing, the formation of a 

yellow gel. Nevertheless, the reaction was conducted until 3 days. Afterwards, 
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the gel was repeatedly washed with ethanol and tetrahydrofurane and dried in air 

over 2 days. Finally, we achieved the yellow solid of RT-COF-1 (Fig.99). 

 

 

Fig.99 Macroscopic yellow solid of RT-COF-1.

 

In order to characterize the RT-COF-1, we performed powder X-ray 

Diffraction, Scanning Electron Microscopy, IR Spectroscopy, and BET surface 

analysis. The powder XRD, reported in Fig.100 displays a good crystallinity for 

the RT-COF-1 (black line) in comparison with the theorical curve (red line) 

validated by a simulation software. 

 

 

Fig.100 Powder X-Ray Diffraction of RT-COF-1 (experimental curve, black line; theorical 

curve, red line). 
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The most significant changes in IR spectra (Fig.101) are the disappearance 

of N-H stretching bands between 3300-3500 cm-1, related to the TAPB, the 

decrease of the intensity of C=O stretching band at 1689 cm-1, connected to the 

BTCA, and the appearance of C=N stretching band at 1623 cm-1, typical for imine 

bond of the RT-COF-1. 

 

 

Fig.101 Experimental IR spectrum of RT-COF-1. 

 

Conventional adsorption isotherms were measured using a Micromeritics 

Tristar 3000 volumetric instrument under continuous adsorption conditions, as 

shown in Fig.102. Brunauer-Emmet-Teller (BET) surface analysis† were carried 

out to determine the total specific surface areas for the N2 isotherms at 77 K. Prior 

to measurement, powdered samples were heated at 423 K for 10 h and outgassed 

to 10-6 Torr. The fitting of the data to BET equation gives rise to a specific surface 

area SBET of 705 m2g-1 while the fitting to Langmuir equation gives rise to a 

specific SLangmuir of 920 m2g-1. 

 

 
† see Appendix for detailed description about BET surface analysis. 

4000 3500 3000 2500 2000 1500 1000

75

80

85

90

95

100

 

 

T
ra

n
s
m

it
a
n

c
e
 (

%
)

Wavenumber (cm
-1
)



5.3 Results and Discussions 

 

141 

 

Fig.102 Experimental BET analysis for RT-COF-1 (N2, 77K): adsorption cycle in black dots 

and desorption cycle in red dots.

 

As a result, the large surface area is also confirmed by SEM images (see 

below in Figs.103 where we can denote a highly porous structure for the RT-

COF-1. 
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Figs.103 SEM images of RT-COF-1.

 

Furthermore, we tested the performance of the RT-COF-1 in adsorption of 

dye pollutants from water. Indeed, dyeing effluent is one of the largest 

contributors to textile field and such wastewater has a seriously destructive 

impact on the human health.  In this respect, dyes such as malachite green, MG, 

(Fig.104, λmax  = 616 nm) , have been found to be useful in many industrial 

applications. Malachite green is highly effective against important protozoal and 

fungal infections, and aquaculture industries have been using MG extensively as 

a topical treatment by bath or flush methods. In addition, it is also used as a food 

coloring agent, food additive, and a medical disinfectant and anthelminthic as 

well as a dye in silk, wool, jute, and leather cotton, paper and acrylic 

industries.[218] 
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To prevent dyes discharge and contamination, the removal of dyes from 

aqueous environment various methods have been reported. Among these, the 

adsorption technique is very attractive because of its high efficiency, simplicity 

of design, and ease of operation.[218,219] 

 

 

Fig.104 Molecular structures of malachite green, MG.

 

We carried out the adsorption experiments (Fig.105) by preparing three 

MG water solutions with different initial concentrations (0.05 mg/ml – 0.025 

mg/ml – 0.0125 mg/ml). Then, 20 ml of each solution was added with 5 mg di 

RT-COF-1 (solid) and it was monitored the Uv-Vis absorption at 616 nm vs. time 

(Fig.105). Noteworthy, all the solutions were kept in a thermostatically-

controlled water bath at 25 °C throughout the experiment; it was also used a 

calibration curve to convert the abs values of MG at 616 nm in concentration, 

expressed as mg/ml.  
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Fig.105 Adsorption curves vs. time for RT-COF-1 (5 mg) in presence of different initial 

concentration of malachite green (0.05 mg/ml, blue squares; 0.025 mg/ml, orange dots; 0.0125 

mg/ml, grey triangles), 25°C. 

 

To quantify the sorption capacity of sorbent for MG sorption, the Langmuir 

equation has been adopted to comment these data. In particular, the Langmuir 

Isotherm Model is valid for monolayer adsorption onto a surface with a finite 

number of identical sites. It is represented in the following form:[218] 

 

where qe is the amount of MG adsorbed at equilibrium (in mmol g−1), ce is the 

residual concentration of MG at equilibrium (in g L-1), qmax is the maximum 

adsorption at monolayer coverage (in mmol g−1) and b is the Langmuir adsorption 

equilibrium constant (L mmol−1), reflecting the energy of adsorption. 

Without getting too much into the method of calculation, we succeeded in 

calculating  the maximum adsorption qmax for the system RT-COF-1/MG equal 

to 4.94 mg MG / g COF. 
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Moreover, another ongoing project is to prepare a single-crystal of the 

above-mentioned RT-COF-1 and COF-LZU1. This goal is highly interesting 

because, so far, we don’t have any example in literature of single-crystal for 2D 

COF 

In particular, the COF-LZU1 was synthesized for the first time from 

BTCA and p-phenylenediamine solvothermal conditions by using 1,4-dioxane as 

solvent and acid acetic as catalyst.[220] On the other hand, we tried to reproduce 

the same synthesis at room temperature as reported in Fig.106. 

 

 

Fig.106 Schematic synthesis of COF-LZU1.

 

As previously reported, the presence of a large excess of aniline during the 

imine-condensation acts as a modulator, increasing the reversibility of imine-

bond. As a consequence, the self-error corrections occur, involving a major 

crystallization.[198] Nevertheless, further parameters such as solvents or 

stoichiometric appear decisive to determine the COFs’ crystallinity. 

For this reason, in order to synthesize a single-crystal of RT-COF-1, we 

prepared several vials under inert atmosphere (Ar) as described in Table 1. 
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Notably, every vial was filled up with the same volume of i) glacial acid acetic 

(100 µL), ii) BTCA dissolved in 1,4-dioxane (500 µL), iii) TAPB dissolved in 

1,4-dioxane (500 µL); the added volume of aniline is reported in Table 1. 

 

 

 

 

Table 1 Scheme for single crystal of RT-COF-1.

 

On the contrary, to synthesize a single-crystal of COF-LZU-1, we also 

prepared several vials under inert atmosphere (Ar) as reported in Table 2. Here, 

every vial was filled up with the same volume of i) glacial acid acetic (100 µL), 

ii) BTCA dissolved in 1,4-dioxane (500 µL), iii) p-phenylenediamine dissolved 

in 1,4-dioxane (500 µL); the added volume of aniline is reported in Table 2. 

 

 

No. Vial BTCA (mmol) TAPB (mmol) aniline( µL)

1 0.0617 0.0617 200

2 0.0617 0.0617 400

3 0.0617 0.0617 600

4 0.0617 0.0617 800

5 0.0617 0.0617 900

No. Vial BTCA (mmol) TAPB (mmol) aniline( µL)

6 0.031 0.031 200

7 0.031 0.031 400

8 0.031 0.031 600

9 0.031 0.031 800

10 0.031 0.031 900

No. Vial BTCA (mmol) TAPB (mmol) aniline( µL)

11 0.0154 0.0154 200

12 0.0154 0.0154 400

13 0.0154 0.0154 600

14 0.0154 0.0154 800

15 0.0154 0.0154 900

No. Vial BTCA (mmol) TAPB (mmol) aniline( µL)

16 0.0077 0.0077 200

17 0.0077 0.0077 400

18 0.0077 0.0077 600

19 0.0077 0.0077 800

20 0.0077 0.0077 900

No. Vial BTCA (mmol) TAPB (mmol) aniline( µL)

21 0.0039 0.0039 200

22 0.0039 0.0039 400

23 0.0039 0.0039 600

24 0.0039 0.0039 800

25 0.0039 0.0039 900

No. Vial BTCA (mmol) p-phenylenediamine (mmol) aniline( µL)

1 0.0617 0.0925 200

2 0.0617 0.0925 400

3 0.0617 0.0925 600

4 0.0617 0.0925 800

5 0.0617 0.0925 900

No. Vial BTCA (mmol) p-phenylenediamine (mmol) aniline( µL)

6 0.031 0.046 200

7 0.031 0.046 400

8 0.031 0.046 600

9 0.031 0.046 800

10 0.031 0.046 900
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Table 2 Scheme for single crystal of COF-LZU-1.

 

The vials tabulated in Table 1 and Table 2 were kept at room temperature 

and in the dark for several days. Indeed, the reactions in presence of a large excess 

of aniline require up to 40-50 days. This study is ongoing, and for this reason we 

have not observed appreciable results yet. 

 

No. Vial BTCA (mmol) p-phenylenediamine (mmol) aniline( µL)

11 0.0154 0.023 200

12 0.0154 0.023 400

13 0.0154 0.023 600

14 0.0154 0.023 800

15 0.0154 0.023 900

No. Vial BTCA (mmol) p-phenylenediamine (mmol) aniline( µL)

16 0.0077 0.0115 200

17 0.0077 0.0115 400

18 0.0077 0.0115 600

19 0.0077 0.0115 800

20 0.0077 0.0115 900

No. Vial BTCA (mmol) p-phenylenediamine (mmol) aniline( µL)

21 0.0039 0.0058 200

22 0.0039 0.0058 400

23 0.0039 0.0058 600

24 0.0039 0.0058 800

25 0.0039 0.0058 900
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5.4 

Final Remarks  

Herein, I reported my research activity conducted at Universidad 

Autónoma de Madrid. In particular, I have synthesized two building blocks useful 

for the formulation of covalent organic frameworks: 1,3,5-tris-(4-

aminophenyl)benzene, TAPB and triformylphloroglucinol, TP.  

Afterwards, we performed the synthesis of RT-COF-1 by using the 

condensation between 1,3,5-benzenetricarbaldehyde, BTCA, and TAPB at room 

temperature (RT), in gel-phase and glacial acetic acid as catalysts and solvent. 

The XRD and IR analysis were employed to characterize the RT-COF-1. 

Moreover, SEM showed a high specific surface area which was confirmed to be 

equal to 705 m2g-1 through BET measurements. 

Nevertheless, high surface area allows for use in the adsorption of dye 

pollutants from wastewater. The malachite green, MG, was used to perform 

adsorption experiments, reaching a maximum adsorption capability to 4.94 mg 

of MG per gram of RT-COF-1.  

Moreover, we are currently investigating the chance to realize a 2D COF 

single-crystal for RT-COF-1 and COF-LZU1 by optimizing various parameters, 

among them, the use of aniline as imine-condensation modulator. 
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6.  
Conclusions and  Perspectives 

In this thesis I summarized the results and findings obtained about 

porphyrin-based nanostructure examining in depth the two-fold role of 

noncovalent (section I) and covalent (section II) interactions in governing the 

porphyrin self-aggregation. 

Herein, I have illustrated the concepts concerning the supramolecular 

approach to realize porphyrin nanostructures in aqueous solution (chap.2). In 

particular, we performed a fully spectroscopic investigations on the role played 

by polyelectrolytes to affect the porphyrin self-assembly. We succeeded in 

modulating the self-aggregation of the ZnTPPS4 when interacts with cationic 

poly-L-lysine (chap.3). Moreover, under acid conditions (pH<1.5) the 

demetallation/protonation of ZnTPPS4 occurs, triggering formation of related J-

aggregates. In particular, long poly-L-lysine chains lead to a more ordered J-

aggregates compared to short chains.  

Moreover, porphyrin non-covalent syntheses based on polypeptide 

templates show significant restriction due to ungovernable aggregation in terms 

of stoichiometry and dimensionality. For this reason, we demonstrated that host-

guest interactions between porphyrins (as guests) and calix[4]arenes (as hosts) 

represents a valid strategy to dominate the aggregation phenomena (chap.4). The 

use of ditopic porphyrins (i.e. H2DPPS3/H2DPPS2 and CuDPPS3) in 

combination with ditopic calix[4]arenes (i.e. BC4 and chiral BC4-NH2) allow to 

build 1D complexes of modulable chirality. A major complexity is reached 

thanks to the employment of CuTPPS4 and bis-calix tube: here, the system 

evolve towards self-assembled 2D structure.  
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Nevertheless, the control of an important electronic property, the chirality, 

is further achieved in 2D mixed-complexes MnTPPS4/CuTPPS4-BC4-NH2 by 

means of the addition of chiral calix[4]arenes to pre-formed 5:4 (multi-porph : 

biscalix) complexes. 

Towards 2D/3D nanostructures is subject of the last chapter of section I: 

the tritopic calix TC4 permits to build CuTPPS4-TC4 complexes with an unique 

3D radial shape. Most striking, the use of chiral C4 as “stoppers” lead to a 

considerable chirality in the entire complex. 

Finally, we demonstrated how the supramolecular forces are able to govern 

the porphyrin aggregation (switching from 1D to 2D and 3D) and their electronic 

properties. 

In the second section, I illustrated the synthetic approach to achieve a 

Covalent Organic Framework. We explored a new gel-synthesis to obtain a 

porous and crystalline RT-COF-1. We carried out a complete characterization 

and in addition, RT-COF-1 was successfully employed in removing of dye 

pollutants from water. Another ongoing project about COF single-crystal 

evidences how the parameter tuning is able to influence the final properties of the 

COF. Overall, these studies address the matter of covalent synthesis and related 

aspects. 

In conclusion, a clear comprehension of the phenomena underlying the 

supramolecular and covalent approach paves the way to develop a combined 

strategy. In perspective, a combined approach may lead to generate complex 

nanostructure both in liquid and solid state, with control of dimensionality, 

crystallinity and feature for practical applications. 
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Appendix 

Instrumental techniques’ overview 

Uv-Vis Spectroscopy 

UV-vis spectrophotometry is primarily a quantitative analytical technique 

concerned with the absorption of near-ultraviolet (180–390 nm) or visible (390–

780 nm) radiation by chemical species in solution or in the gas phase. The near-

ultraviolet and the visible regions of the electromagnetic spectrum provide 

energy that gives rise to electronic transitions. Because of the superimposition of 

vibrational and rotational transitions, the UV-vis spectra of analytes in solution 

show little fine structure. 

In general, organic compounds absorb energy in the near-ultraviolet region 

due to σ → σ*, n → σ*, n → π* and π → π* transitions. Most transitions of interest 

involve the promotion of n or π electrons to the π* excited state and therefore 

favors molecules with delocalized π electrons (i.e. aromatic and conjugated 

species). The part of the molecule that absorbs energy is known as a 

chromophore. The wavelength of maximum absorption of a chemical species can 

be altered by the nature of the substituent(s) on the aromatic ring or the 

conjugated system. Substituents containing lone pairs of electrons, e.g. –OH, –

NH2, generally result in a longer wavelength of maximum absorption and a 

higher molar absorptivity. Such groups are also known as auxochromes. 

Moreover, some inorganic compounds can be detected in the visible region by 

their inherent absorption of radiation. For example, the transition metal ions and 

their aquo-complexes are often colored and present a reasonable molar 

absorptivity due to the electronic transitions involving the 3d and 4d orbitals. 

Under controlled experimental conditions, the amount of radiation 

absorbed is directly related to the concentration of the analyte in solution, and 
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this relationship is known as Beer-Lambert’s law. This latter relationship is 

described by the equation: 

𝐴 =  𝜀 𝑏 𝑐 

where A is the absorbance of the solution (no units), ε is the molar 

absorptivity (L mol-1cm-1), b is the path length of radiation through the absorbing 

medium (cm); and c is the concentration (mol L-1). 

However, the Beer-Lambert’s law shows some limitations, known as 

deviations. Among them, the law is not applicable at high analyte concentrations 

(> 0.01 mol L-1) due to interactions between analyte molecules. There are also 

limitations to its applicability due to instrumental and chemical deviations: 

Instrumental deviations- The electromagnetic radiation impinging on the 

sample is polychromatic rather than monochromatic (unless a laser light source 

is used) and this can lead to negative deviations from Beer-Lambert’s law at 

higher analyte concentrations and to a loss of sensitivity because the averaged e 

value is lower than the theoretical one. Stray radiation is another source of 

deviation and this extraneous external radiation results from scattering, reflection 

and refraction effects from mirrors, lenses, filters and other optical components. 

In addition, radiation losses can occur due to reflection or refraction at the 

environment/cuvette/sample interfaces and concentration gradients inside the 

sample solution which establish transient mirrors and lenses.  

Chemical deviations- Changes in absorbance due to changes in the 

chemical environment of the sample, e.g. pH.  Absorbance of a solution can also 

be influenced by acid–base equilibria, redox reactions and complexation 

reactions. With all equilibria, there is one wavelength, known as the isosbestic 

point, where the absorbances of both species are equal because they have the 

same e value. The isosbestic point can be used as a reference wavelength for 

kinetic studies and to verify the wavelength accuracy of a spectrophotometer. It 

can also be used as the reference wavelength in dual wavelength 
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spectrophotometry because the transmittance at this wavelength is not affected 

by the development of any chemical reaction. 

The nature of the solvent and refractive index changes can also cause 

positive deviations, and this should be checked as part of the measurement 

protocol for the blank. There may also be positive interferences due to absorption 

by other components of the sample matrix and/or excess reagents, which would 

require separation prior to detection, masking by the addition of an appropriate 

reagent, minimizing by sample dilution and/or lowering the reagent 

concentration.  

Last, but not least, the presence of potential interfering species which react 

with the main reagent to yield similar colored species or cause a lowering of the 

effective reagent concentration should always be taken into account. Analytical 

selectivity is a primary consideration for every application. 

Moreover, derivative spectrophotometry can also be exploited to 

mathematically process the data after acquisition, thus improving spectral 

resolution in multi-component systems. In this approach the zero-order 

absorbance spectrum is derivatised with respect to wavelength to give first order 

(dA/dλ) or higher order plots of the rate of change of absorbance against 

absorbance. The main attractions of this approach are the enhancement of any 

differences between (similar) spectra and the reduction of the effect of any 

broadband matrix interferences. 

The basic instrumentation consists of a radiation source, a wavelength-selection 

device, a sample compartment, a detector and an output device . For visible 

radiation, a tungsten filament is the most common source and for near-ultraviolet 

radiation a deuterium lamp is usually used. For better resolution, a grating 

monochromator is used as the wavelength-selection device, which can also be 
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used for scanning the wavelength range of interest. The sample compartment is 

usually a cuvette with a 1.0 cm square cross-section made of quartz (for the near-

ultraviolet region), glass or plastic (for the visible region). For detection, a 

photomultiplier tube is the most common device; phototubes and, increasingly, 

photodiodes and diode arrays, are also used. 

The two most common optical configurations for UV-vis 

spectrophotometers are single-beam and double-beam. Single beam instruments 

are usually cheaper and involve simple optics whereas double beam instruments 

are more convenient for spectral scanning. Other advantages of the double beam 

configuration include the ability to compensate for i) stray light, ii) fluctuations 

in the intensity of the source radiation and detector response and iii) the presence 

of solid particles in the sample solution. 

An alternative optical configuration is used in diode array 

spectrophotometry, wherein polychromatic light from the source passes through 

the sample cuvette and is then dispersed by a grating onto a linear diode array 

detector. The advantages are speed, negligible stray light effects due to the 

reverse optical configuration, wavelength setting reproducibility due to the 

absence of moving optical components and simultaneous multi-wavelength data 

acquisition. This feature lends itself to post-acquisition digital data processing 

techniques such as dual wavelength spectrophotometry, derivative 

spectrophotometry and multi-variate calibration. 
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Fluorescence Spectroscopy 

Fluorescence spectroscopy is an emission phenomenon where an energy 

transition from a higher to a lower state is accompanied by radiation. Only 

molecules in their excited forms are able to emit fluorescence; thus, they have to 

be brought into a state of higher energy prior to the emission phenomenon. 

For a better comprehension of the phenomenon, we need to observe the 

following diagram in Fig.107 also called Jablonski’s diagram. 

 

 
Fig 107 Jablonski’s Diagram- In the diagram are shown: the electronic ground state (S0), two 

excited singlet states (S1, S2) and a triplet state (T1). Vibrational level (V) are only illustrated 

exemplarily. Solid vertical lines indicate radiative transitions, dotted-lines show non-radiative 

transitions (i.e. Internal Conversion, IC). The inset shows the relationship between electron 

configurations, total spin number S and multiplicity M. 
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In these diagrams, energy transitions are indicated by vertical lines. Not all 

transitions are possible: allowed transitions are defined by the selection rules of 

quantum mechanics.  

A molecule in its electronic and vibrational ground state (S1V0) can absorb 

photons matching the energy difference of its various discrete states. The 

required photon energy has to be higher than that required to reach the vibrational 

ground state of the first electronic excited state (S1V0). The excess energy is 

absorbed as vibrational energy (V > 0), and quickly dissipated as heat by collision 

with solvent molecules. The molecule, thus, returns to the vibrational ground 

state of the first electronic excited state (S1V0). These relaxation processes are 

non-radiating transitions from one energetic state to another with lower energy 

and are called internal conversion (IC). From the lowest level of the first 

electronic excited state, the molecule returns to the ground state (S0) either by 

emitting light (fluorescence) or by a non-radiative transition.  

Upon radiative transition, the molecule can end up in any of the vibrational 

states of the electronic ground state (as per quantum mechanical rules). If the 

vibrational levels of the ground state overlap with those of the electronic excited 

state, the molecule will not emit fluorescence, but rather revert to the ground state 

by non-radiative internal conversion. This is the most common way for excitation 

energy to be dissipated and is why fluorescent molecules are rather rare. Most 

molecules are flexible and thus have very high vibrational levels in the ground 

state. Indeed, most fluorescent molecules possess fairly rigid aromatic rings or 

ring systems. The fluorescent group in a molecule is called a fluorophore. 

Since radiative energy is lost in fluorescence as compared to the absorption, 

the fluorescent light is always at a longer wavelength than the exciting light 

(namely, Stokes shift). The emitted radiation appears as band spectrum, because 

there are many closely related wavelength values dependent on the vibrational 

and rotational energy levels attained. However, the fluorescence spectrum of a 
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molecule is independent of the wavelength of the exciting radiation and has a 

mirror image relationship with the absorption spectrum. In addition, the 

probability of the transition from the electronic excited to the ground state is 

proportional to the intensity of the emitted light. 

In this context, an associated phenomenon is the phosphorescence due to 

the transition from a triplet state (T1) to the electronic singlet ground state (S0). 

The molecule gets into the triplet state from an electronic excited singlet state 

(S1) by a process called intersystem crossing (ISC). Noteworthy, the transition 

from singlet state to triplet state is quantum-mechanically not allowed (i.e. 

happens with very low probability) and thus only in certain molecules where the 

electronic structure is favorable, such as heavy atoms. The rate constants for 

phosphorescence are much longer, as a consequence,  phosphorescence occurs 

with a long delay and persists even when the exciting energy is no longer applied. 

The fluorescence properties of a molecule are determined by properties of 

the molecule itself (internal factors), as well as the environment (external 

factors). The fluorescence intensity emitted by a molecule is dependent on the 

lifetime of the excited state. The transition from the excited to the ground state 

can be treated like a decay process of first order, i.e. the number of molecules in 

the excited state decreases exponentially with time.  

In analogy to kinetics, the exponential coefficient Kr is called rate constant 

and is the reciprocal of the lifetime: τ = Kr
-1. If a population of fluorophores is 

excited, the lifetime is the time it takes to reduce the number of fluorescence 

emitting molecules to 1/e or 36.8% of the original population N0 (i.e. N0/e).  

However, the effective lifetime τ of excited molecules differs from the 

fluorescence lifetime τr as other processes (e.g. internal conversion, quenching, 

fluorescence resonance energy transfer, reactions of the excited state, intersystem 

crossing etc.) can affect the number of molecules in the excited state. 
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The ratio between photons emitted and photons absorbed by a fluorophore 

is called quantum yield Φ. The quantum yield is a dimensionless quantity, and 

most importantly, the only absolute measure of fluorescence for a molecule. 

Measuring the quantum yield is a difficult process and requires comparison with 

a fluorophore of known quantum yield. Most commonly, the fluorescence 

emissions of two or more related samples are compared and their relative 

differences analyzed. 

Fluorescence spectroscopy works most accurately at very low 

concentrations of emitting fluorophores. UV/Vis spectroscopy, in contrast, is less 

accurate at such low concentrations. One major factor adding to the high 

sensitivity of fluorescence applications is the spectral selectivity. Due to the 

Stokes shift, the wavelength of the emitted light is different from that of the 

exciting light. Another feature makes use of the fact that fluorescence is emitted 

in all directions. By placing the detector perpendicular to the excitation pathway, 

the background of the incident beam is reduced. 

In a typical spectrofluorimeter two monochromators are used, one for 

tuning the wavelength of the exciting beam and a second one for analysis of the 

fluorescence emission. Due to the emitted light always having a lower energy 

than the exciting light, the wavelength of the excitation monochromator is set at 

a lower wavelength than the emission monochromator. The better fluorescence 

spectrometers in laboratories have a photon-counting detector yielding very high 

sensitivity. Temperature control is required for accurate work as the emission 

intensity of a fluorophore is dependent on the temperature of the solution. The 

optical geometries with 90° arrangement are commonly used. Pre- and post-filter 

effects can arise owing to absorption of light prior to reaching the fluorophore 

and the reduction of emitted radiation. These phenomena are also called inner 

filter effects and are more evident in solutions with high concentrations. 
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Resonance Light Scattering Spectroscopy 

Resonance light scattering (RLS) spectroscopy on supramolecular 

assemblies of chromophores is a sensitive and selective method to extract size 

and shape information. Generally, light scattering experiments employ 

wavelengths away from absorption bands. On the contrary, wavelengths within 

the absorption band can be extremely informative if the absorption is not too 

great, and the aggregate is of sufficient size.  

The RLS effect is observed as increased scattering intensity at wavelengths 

very near to the absorption of a molecular aggregated. The effect can be enhanced 

by several orders of magnitude when strong electronic coupling exists among the 

chromophores. In addition, the wavelength dependence of this technique allows 

for selective observation of aggregates, even in multicomponent systems that 

include a large fraction of monomers or other aggregates. 

In general, two processes occur when light passes through a solution of 

aggregates. If the solvent itself is non-absorbing, thus energy is removed from 

the incident light through absorption and scattering by the aggregates.  

The light scattering component is a consequence of differences in 

polarizability between the aggregates and the solvent. The incident 

electromagnetic wave induces an oscillating dipole in the assembly, which 

radiates light in all directions.  

The ratio of the rate of energy absorption from the incident beam to the 

intensity of the incident beam is called the absorption cross section. Whereas, 

the ratio of the rate of energy scattering out of the incident beam (in all directions) 

to the intensity of the incident beam is called the scattering cross section. If the 

induced dipole can be considered ideal (usually a valid assumption if the size of 

the aggregate is small compared to the wavelength of the light in the solvent) 

both cross sections are related to the polarizability α of the aggregates. In 
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particular, the polarizability can be considered as the sum of its real part αr  

(related to light-scattering phenomena) and of its imaginary part αi (related to 

absorption processes). 

Thus, the absorption at a certain wavelength band by a solution of 

aggregates leads to a maximum in the imaginary part of the polarizability αi, so 

that αr  also behaves anomalously, resulting in an increased scattering. 

Under normal conditions this increased scattering is difficult or impossible 

to detect because of the increased absorption and the weakness of the enhanced 

scattering effect. However, when this effect is investigated for aggregates of 

chromophores, the enhanced RLS scattering can be enormous. 

The absorption depends on the first power of the polarizability, which in 

turn depends linearly on the volume of the aggregate. Although a solution with a 

fixed concentration of monomers will not exhibit changes in absorbance, the 

aggregation process could lead to larger volume triggering an enhanced 

scattering. of the assemblies the scattering. As a result, RLS is extremely 

sensitive to even low concentrations of extended aggregates. 

Final, it is worth mentioning that in many cases RLS experiments can be 

conducted with conventional equipment, for instance by using an ordinary 

double-monochromator fluorimeter in synchronous scan. 
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Circular Dichroism Spectroscopy 

Circular dichroism spectroscopy, or simply CD, is strictly allied to 

chirality, because it is a manifestation of diastereomer discrimination. CD may 

be regarded as one of the most powerful techniques for stereochemical analysis: 

it is sensitive to the absolute configuration as well as to conformational features, 

which are often completely obscured in the ordinary absorption spectrum. 

The CD spectroscopy is based on the fact that the plane- polarized light 

wave can be obtained as a superposition of a left circularly polarized light and a 

right circularly polarized light, whose amplitude and wavelength are identical, 

see the schematic Fig.108 below. 

 

 
Fig 108 The superposition between the electric field vector’s left circularly polarized light EL, 

with the electric field vector’s right circularly polarized light ER results in a plane-polarized 

electric field E 

 

Any chiral non-racemic sample adsorbs left circularly polarized light to a 

different extent than right circularly polarized light: this phenomenon is called 

Circular Dichroism. In other words, CD is the difference: 

𝐶𝐷 = 𝐴𝑙 − 𝐴𝑟 
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where Al and Ar are the absorptions of left and right circularly polarized light, 

respectively. The definition of the equation immediately tells us that CD can be 

measured only in correspondence to absorption bands; a dichroic peak is also 

called a Cotton effect, on account of the discoverer of the phenomenon. 

Moreover, it is easy to show that for each absorption band, the CD of two 

enantiomers are always exactly opposite. 

As illustrated in Fig.109, the superposition of the two components is no 

longer a linearly polarized wave when CD occurs. The resulting electric field 

vector does not oscillate along a straight line, but it rotates along and ellipsoid 

path. In other terms, such light wave is called an elliptically polarized light. 

 

 

Fig 109 Illustration of the elliptically polarized light 

 

For this reasons, the output of CD instruments is usually measured as ellipticity 

Θ (in mdeg), related to CD through Θ (mdeg) = 33000 CD. 

The basic instrumentation for CD measurement is the conventional 

spectropolarimeter. In the most common setup, there is a device between the 
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monochromator and the sample compartment, called photoelastic modulator 

(PEM), which alternatively furnishes left and right circularly polarized light . 

It is based on a piezoelectric quartz crystal typically oscillating with a 

frequency in the 50 kHz range: during each cycle the light polarization changes, 

while the intensity remains constant. After passing through a chiral non-racemic 

sample, because the two circularly polarized light components become absorbed 

to a different extent, the light reaching the detector is time-modulated with the 

same frequency as the PEM. Phase-locked amplification of this signal can 

provide simultaneously absorbance, and circular dichroism 

Theoretically, a baseline correction should not be required for CD, since 

the baseline is expected to be 0. In real life, on the contrary, it is strongly 

recommended that any CD spectrum is corrected by baseline subtraction obtained 

from a measurement ideally of the racemic compound at the same concentration 

and in the same cell; as a common alternative, a blank of the same solvent 

provides acceptable results. 
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Infrared Spectroscopy 

Infrared (IR) spectroscopy is an analytic method based on the absorption 

of IR radiation by vibrational excitation of lattices, surface groups, molecules, 

etc. in each physical condition. The absorptions are always associated with a 

change in the dipole moment of the molecule/material. Consequently, vibrational 

and/or rotational modes of molecules, lattices, surface groups, etc. not involving 

a change in the dipole moment do not absorb IR radiation and are not visible in 

the IR spectrum; they are IR inactive. 

Except for some noble gases and homonuclear diatomic molecules like H2, 

O2, N2, etc., IR spectroscopy enables the qualitative and quantitative analysis of 

most organic as well as many inorganic compounds.  

Since the vibrational energy levels are unique to each molecule, the IR 

spectra provide a “fingerprint” of a particular molecule. The frequencies of these 

molecular vibrations depend on the masses of the atoms, their geometric 

arrangement, and the strength of their chemical bonds. The spectra provide, as 

well, information on molecular structure, dynamics, and environment. 

Two different approaches are used for the interpretation of vibrational 

spectroscopy and elucidation of molecular structure: 

1) use of group theory with mathematical calculations of the forms and 

frequencies of the molecular vibrations; 

2)  use of empirical characteristic frequencies for chemical functional groups. 

Many empirical group frequencies have been explained and refined using 

the mathematical theoretical approach. In general, many identification problems 

are solved using the empirical approach. Certain functional groups show 

characteristic vibrations in which only the atoms in that particular group are 

displaced. Since these vibrations are mechanically independent from the rest of 
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the molecule, these group vibrations will have a characteristic frequency, which 

remains relatively unchanged regardless of what molecule the group is in. 

Typically, group frequency analysis is used to reveal the presence and absence 

of various functional groups in the molecule, thereby helping to elucidate the 

molecular structure. 

IR spectrometers generally consist of four main functional elements: 

• an IR radiation source like a traditional thermal emitter (Si carbide rod, 

Nernst-stick); 

• a dispersion and/or modulation element such as a traditional prism or 

grating monochromator, and more recently an interferometer; 

• a sample including its holder/sampling cell and supporting elements; 

• an IR detector, e.g. a pyroelectric or semiconducting element or a 

differential gas-pressure sensor (i.e. bolometer). 

In case of a traditional dispersive spectrometer, the four elements are 

arranged in the same sequence as listed above. A transmission spectrum, for 

example, is recorded by the registration of the detector signal during a sequential 

wavelength sweep by turning the dispersive element. The absorption is calculated 

by dividing the transmission signal with the sample by the signal of the empty 

arrangement as reference. As a result, the spectral instrument characteristic is 

automatically eliminated. In some cases, the incident signal is modulated in order 

to eliminate the influence of stray light and/or background. 

Today, the traditional dispersive IR spectrometers have been almost 

entirely displaced by FTIR spectrometers. In this new generation of 

spectrometers, the incident IR beam is modulated by passing through an 

interferometer (e.g. a Michelson type) with an oscillating mirror and the IR 

detector registers it after passing through the sample. The conversion of this time-
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dependent signal into a wavenumber-dependent IR spectrum is done by Fourier-

transform (FT).  

In contrast to the time-consuming sequential registration with dispersive 

systems, the FT principle provides the so-called multiplex advantage: each 

forward and/or backward scan of the moving interferometer mirror can be used 

to record a complete spectrum. The resolution depends on the travel length of the 

mirror while the Signal-Noise ratio depends on the square root of the number of 

scans as well as on the sensor characteristics. 

Nevertheless, the spectral range is limited by the spectral characteristics of 

the IR source, the beam-splitter and the detector. Furthermore, the transparency 

and reflectivity of windows and mirrors as well as disturbing ubiquitous gases 

(mostly water vapour and carbon dioxide) in the light path have to be considered. 
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Nuclear Magnetic Resonance Spectroscopy 

Nuclear Magnetic Resonance (NMR) spectroscopy is an analytical 

chemistry technique used in quality control and research for determining the 

content and purity of a sample as well as its molecular structure. For instance, 

NMR can quantitatively analyze mixtures containing known compounds. In the 

case of unknown compounds, NMR can either be used to match against spectral 

libraries or to deduce the basic structure directly.  

Once the basic structure is known, NMR can be used to determine 

molecular conformation in solution as well as studying physical properties at the 

molecular level such as conformational exchange, phase changes, solubility, and 

diffusion. In order to achieve the desired results, a variety of NMR techniques 

are available. 

The principle behind NMR is that many nuclei have spin and all nuclei are 

electrically charged. Nevertheless, in many atoms (such as 12C) these spins are 

paired against each other, such that the nucleus of the atom has no overall spin. 

However, in some atoms (such as 1H and 13C) the nucleus does possess an overall 

spin. The rules for determining the net spin of a nucleus are as follows: 

1) if the number of neutrons and the number of protons are both even, then the 

nucleus has no spin, i.e. NMR inactive; 

2) if the number of neutrons plus the number of protons is odd, then the nucleus 

has a half-integer spin (i.e. 1/2, 3/2, 5/2); 

3) if the number of neutrons and the number of protons are both odd, then the 

nucleus has an integer spin (i.e. 1, 2, 3). 

A nucleus with spin 1/2 will have 2 possible orientations. In the absence of 

an external magnetic field, these orientations are of equal energy. If a magnetic 

field is applied, then the energy levels split; each level is characterized by a 

magnetic quantum number. 
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When the nucleus is in a magnetic field, the initial populations of the energy 

levels are determined by thermodynamics, as described by the Boltzmann 

distribution. This is very important, and it means that the lower energy level will 

contain slightly more nuclei than the higher level. It is possible to excite these 

nuclei into the higher level with electromagnetic radiation. The frequency of 

radiation needed is determined by the difference in energy between the energy 

levels. This energy corresponds to radio frequencies and when the spin returns to 

its base level, energy is emitted at the same frequency. The signal that matches 

this transfer is measured in many ways and processed in order to yield an NMR 

spectrum for the nucleus concerned. 

The magnetic field at the nucleus is not equal to the applied magnetic field; 

electrons around the nucleus shield it from the applied field. The difference 

between the applied magnetic field and the field at the nucleus is termed nuclear 

shielding, which is in turn dependent on the chemical environment. As a result, 

information about the nucleus’ chemical environment can be derived from its 

resonant frequency (i.e. chemical shift). The chemical shift is measured relative 

to a reference compound and for 1H NMR, the reference is usually 

tetramethylsilane, Si (CH3)4. 

Moreover, the effective magnetic field is affected by the orientation of 

neighboring nuclei. This effect is known as spin-spin coupling which can cause 

splitting of the signal for each type of nucleus into two or more lines. The size of 

the splitting (define  as coupling constant, J) is independent of the magnetic field 

and is therefore measured as an absolute frequency (usually in Hertz). In addition, 

the number of splittings indicates the number of chemically bonded nuclei in the 

vicinity of the observed nucleus. 
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Mass Spectrometry 

Mass spectrometry (MS) is a mainstream chemical analysis technique in 

the twenty-first century. It has contributed to numerous discoveries in chemistry, 

physics and biochemistry. Hundreds of research laboratories scattered all over 

the world use MS every day to investigate fundamental phenomena on the 

molecular level. MS is also widely used by industry—especially in drug 

discovery, quality control and food safety protocols. In some cases, mass 

spectrometers are indispensable and irreplaceable by any other metrological 

tools. 

The uniqueness of MS is due to the fact that it enables direct identification 

of molecules based on the mass-to-charge ratios as well as fragmentation 

patterns. The charged species (ions) are produced in the ion source and then 

transported in gas-phase.  

The gas-phase ions subsequently are transferred into the mass analyzer 

which sorts the ions—in space or time—according to the mass-to-charge ratios 

(m/z). The separated ions are detected by an ion detector in the space or time 

domain. Electric signals, produced by the ion detector, are subsequently 

processed to produce mass spectra.  

In fact, mass spectra can be viewed as histograms, which provide 

information on the number of ions at different m/z values. The detected ions may 

correspond to the original molecules, their fragments or other species formed 

during the ionization process. MS enables direct identification of molecules 

based on the mass-to-charge ratio as well as fragmentation patterns. Thus, it 

fulfils the role of a qualitative and quantitative analytical technique with high 

selectivity. 
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BET Surface Area Analysis 

Measuring surface area and porosity of powders is difficult. There are few 

techniques available and none of those are straightforward. The choice for 

surface area measurement generally comes down to a technique known as BET. 

The measurement of porosity and surface area by BET is a relatively simple 

measurement to carry out; however, the mathematics and physics behind BET is 

a little more sophisticated. 

BET is the initials of the three scientists who developed the mathematics 

required for the measurement to work. Brunauer, Emmett, and Teller found a way 

to calculate the specific surface area of a sample including the pore size 

distribution from gas adsorption (see ref. J. Am. Chem. Soc.1938, 60, 309-319, 

for detailed description of BET theory). 

The volume of gas (usually nitrogen) adsorbed to the surface of the 

particles is measured at the boiling point of nitrogen (77 K). At this temperature 

the nitrogen gas is below the critical temperature and so condenses on the surface 

of the particles. It is assumed that the gas condenses onto the surface in a 

monolayer and so, because we know the size of the gas atom/molecule, the 

amount of adsorbed (condensed) gas is correlated to the total surface area of the 

particles including pores at the surface (inaccessible pores are not detected). It is 

this correlation calculation, volume absorbed to surface area, that BET theory 

gives us. 

Adsorption is the adhesion of atoms, ions, or molecules from a gas, liquid, 

or dissolved solid to a surface. There are generally accepted to be six adsorption 

isotherms (Fig.110). The BET method is applicable only to adsorption isotherms 

of type II (disperse, nonporous or macroporous solids) and type IV (mesoporous 

solids, pore diameter between 2 nm and 50 nm).  
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Fig 110 IUPAC classification of adsorption isotherms. The typical BET range is indicated in 

types II and IV by the shaded areas). na=quantity of absorbed gas, p/p0 is the relative pressure 

 

As the gas is pumped into the sample tube, the gas covers the external and 

the accessible internal pore surfaces of a solid. In BET theory, gas covers the 

sample with a monolayer of adsorbate.  The amount of gas used in creating the 

monolayer can be calculated from the adsorption isotherm using the BET 

equation (see below). Notably, gas is physically adsorbed by weak bonds at the 

surface of the solid (van der Waals forces) and can be desorbed by a decrease in 

pressure at the same temperature. 

The BET (see below) equation can be used to calculate the surface area of 

a sample. the measured inputs to this equation are i) the equilibrium (p) and the 

saturation (p0) pressure of adsorbates at the temperature of adsorption; ii) the 

adsorbed gas quantity (na). 

1

𝑛𝑎[(𝑝0/𝑝) − 1]
=  

𝑐 − 1

𝑛𝑚 𝑐
  

𝑝

𝑝0
 +

1

𝑛𝑚 𝑐
 

where p and p0 are the equilibrium and the saturation pressure of adsorbates at 

the temperature of adsorption, na is the adsorbed gas quantity, nm is the monolayer 

adsorbed gas quantity and c is the BET constant. 
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The BET equation represents an adsorption isotherm and can be plotted as 

a straight line with 
1

𝑛𝑎[(𝑝0/𝑝)−1]
 on the y-axis and (

𝑝

𝑝0
) on the x-axis resulting in a 

BET plot. The relationship is assumed to be linear o only in the range of 0.05 < 

𝑝

𝑝0
< 0.35.  

The value of the slope A and the y-intercept I of the BET plot are used to 

calculate the monolayer adsorbed gas quantity nm and the BET constant c, 

according to the following equations: 

𝑛𝑚 = 
1

𝐴 + 𝐼
 

𝑐 = 1 +
𝐴

𝐼
 

Finally, the total surface area Stotal and the specific surface area SBET are given by 

the equations: 

𝑆𝑡𝑜𝑡𝑎𝑙 =
𝑛𝑚 𝑁 𝑠

𝑉
 

𝑆𝐵𝐸𝑇 = 
𝑆𝑡𝑜𝑡𝑎𝑙
𝑎

 

where nm is the monolayer adsorbed gas quantity, N is Avogadro's number, s the 

adsorption cross section of the adsorbing species, V is the molar volume of the 

adsorbate gas, and a is the mass of the solid sample or adsorbent. 

A BET surface analysis is described by the following main steps. 

1) Degas: prior to the determination of an adsorption isotherm over the BET 

region the sample must be degassed, while avoiding irreversible changes to 

the surface. This is generally done either using a vacuum system or by 

flushing the sample with a gas (e.g. N2) often at elevated temperature. The 

temperature used depends on the stability of the sample. A temperature of 

110°C is quoted for nitrogen isotherms where the sample is stable to this 
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temperature. Once cool the sample must be reweighed to take into account 

any mass loss during degassing. 

2) Evacuate: the sample and reference tubes are evacuated. The reference tube 

will be treated in the same way as the sample tube throughout the 

measurement. 

3) Volume: at this stage most BET methodologies will carry out a dead-volume 

measurement using an inert gas such as He. This result is used to correct the 

quantity of adsorbate adsorbed. It is important that the sample and reference 

tube have similar dead volumes. A glass rod or glass beads are often used to 

reduce dead volume and to give the two tubes similar dead volumes. 

4) Evacuate: the dead-volume gas is then removed by vacuum. 

5) Adsorption: the adsorbate gas is admitted to the two tubes either in doses or 

as a slow continuous flow. Adsorption of the gas on to the sample occurs, 

and the pressure in the confined volume continues to fall until the adsorbate 

and the adsorptive are in equilibrium. The amount of adsorbate at the 

equilibrium pressure is the difference between the amount of gas admitted 

and the amount of adsorptive remaining in the gas phase. To calculate this, 

pressure, temperatures, and dead-volume of the system is required. The 

reference tube pressure is also used as a reference. This step gives the 

adsorption isotherm over a selected range of p/p0. 

6) Desorption: for the calculation of certain parameters a desorption step is also 

required, and a vacuum is applied in the reverse of step 5. This will give the 

“desorption isotherm”. 

Normally, the determination of specific surface area requires at least 3 

measurements of adsorbed gas quantity (na) each at different values of p/p0. 

 



 

189 

X-Ray Diffraction 

X-ray diffraction is a common technique for the study of crystal structures 

and atomic spacing. It is based on elastic scattering of x-ray photons by atoms in 

a periodic lattice. The scattered monochromatic x-rays that are in phase give 

constructive interference, according to Bragg’s law: 

𝑛𝜆 = 2𝑑 sin 𝜃  

where n is an integer called the order of reflection, λ is the wavelength of x-rays, 

d is the characteristic spacing between the crystal planes of a given specimen and 

𝜃 is the angle between the incident beam and the normal to the reflecting lattice 

plane. 

This law relates the wavelength of electromagnetic radiation to the 

diffraction angle and the lattice spacing in a crystalline sample. These diffracted 

X-rays are then detected, processed, and counted. By scanning the sample 

through a range of 2u angles, all possible diffraction directions of the lattice 

should be attained due to the random orientation of the powdered material. 

Conversion of the diffraction peaks to d-spacings allows identification of the 

compound because each compound has a set of unique d-spacings. Typically, this 

is achieved by comparison of d-spacings with standard reference patterns or 

Powder Diffraction File (PDF) database.  

This file is released and annually updated by the International Centre for 

Diffraction Data (ICDD). It contains line patterns of more than 60,000 different 

crystallographic phases. In practice, for any unknown sample, the appearance of 

three most intense characteristic lines from the standard PDF line pattern is a 

sufficiently convincing evidence of the existence of a crystalline phase in either 

a homogeneous substance or even in a multicomponent mixture. 

Clear diffraction peaks are only observed when the sample possesses 

adequate long-range order. Diffraction lines from perfect crystals are very 
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narrow. For crystallite sizes below 100 nm, line broadening occurs due to 

incomplete destructive interference in scattering directions where the x-rays are 

out of phase. The Scherrer equation relates crystal size to line width: 

< 𝐿 > =
𝐾𝜆

𝛽 cos 𝜃
  

where <L> is a measure of the dimension of a particle in the direction 

perpendicular to the reflecting plane, λ is the x-ray wavelength,  is the peak 

width, 𝜃 is the angle between the beam and the normal on the reflection plane, 

and K is a constant which is often taken as unity. 

X-ray line broadening provides a quick, but not always reliable estimate of 

the particle size.  

X-ray diffractometers consist of three basic elements: an X-ray tube, a 

sample holder, and an X-ray detector. X-rays are generated in a cathode ray tube 

by heating a filament to produce electrons, accelerating the electrons toward a 

target by applying a voltage, and bombarding the target material with electrons. 

When electrons have sufficient energy to dislodge inner shell electrons of the 

target material, characteristic X-ray spectra are produced. These spectra consist 

of several components, the most common being Kα and 

K. However, filtering by foils or crystal monochromators is required to produce 

monochromatic X-rays needed for diffraction. 

Copper is the most common target material for single-crystal diffraction, 

with CuKa radiation = 1.5418 angstrom. These X-rays are collimated and directed 

onto the sample. As the sample and detector are rotated, the intensity of the 

reflected X-rays is recorded. When the geometry of the incident X-rays 

impinging the sample satisfies Bragg’s law, constructive interference occurs and 

a peak in intensity appears. A detector records and processes this X-ray signal 

and converts the signal to a count rate, which is then output to a device such as a 

printer or computer monitor. 
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The geometry of an X-ray diffractometer is such that the sample rotates in 

the path of the collimated X-ray beam at an angle 𝜃 while the X-ray detector is 

mounted on an arm to collect the diffracted X-rays and rotates at an angle of 2𝜃. 

The instrument used to maintain the angle and rotate the sample is termed a 

goniometer. For typical powder patterns, data are collected at 2𝜃 from 5° to 70°, 

angles that are preset in the X-ray scan. 
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Electron Scanning Microscopy 

Scanning electron microscopy (SEM) images of surfaces have great 

resolution and depth of field, with a three-dimensional quality that offers a visual 

perspective familiar to most users. 

SEM functions by focusing and rastering a relatively high-energy electron 

beam (typically, 5–100 keV) on a specimen that is under vacuum. Low-energy 

secondary electrons (1–20 eV) are emitted from each spot where the focused 

electron beam makes an impact. The intensity of the secondary electron emission 

is a function of the atomic composition of the sample and the geometry of the 

features under observation.  

The image of the surface is spatially reconstructed on a phosphor screen (or 

CCD detector) from the intensity of the secondary electron emission at each 

point. Because of the shallow penetration depth of low-energy electrons produced 

by the primary electron beam, only the secondary electrons generated near the 

surface can escape and be detected. For this reason, SEM is a surface analysis 

method. 

Nonconductive materials observed in the SEM are typically coated with a 

thin, electrically grounded layer of metal to minimize negative charge 

accumulation from the electron beam. However, this metal layer is always thick 

enough (>200 Å) so that the electrons emitted from the sample beneath cannot 

penetrate. 

SEM, in spite of these limitations, is an important corroborative method to 

use in conjunction with other surface analysis methods. Surface roughness and 

texture can have a profound influence on data from ESCA, SIMS, and contact 

angle determinations. Therefore, SEM provides important information in the 

interpretation of data from these methods. 
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The primary electron beam also stimulates the emission of X-rays. These 

X-rays are used to identify elements with the technique called energy-dispersive 

X-ray analysis (EDXA). The high-energy primary electron beam penetrates 

deeply into a specimen (a micron or more). The X-rays produced from the 

interaction of these electrons with atoms deep in the bulk of the specimen can 

penetrate through the material and be detected. Therefore, EDXA is not a surface 

analysis method, and the primary use of SEM is to image surface topography. 
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