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Summary - Riassunto 

Le interazioni non covalenti sono state ampiamente esaminate a partire dal 1969, 

quando J.M. Lehn definì la chimica supramolecolare come la “chimica oltre la 

molecola”, cioè lo studio delle interazioni tra le molecole. La chimica supramolecolare 

può avvalersi di una vasta gamma di interazioni non covalenti, che va dai legami a 

idrogeno alle interazioni elettrostatiche, alle interazioni non polari come lo stacking π-π 

e le forze di van der Waals. Questo tipo di interazioni sono di fondamentale importanza 

nella maggior parte dei sistemi biologici e, pertanto, la comprensione dei meccanismi 

che regolano questi ultimi può aumentare la nostra abilità nello sfruttare le potenzialità 

dei sistemi supramolecolari. 

Le caratteristiche fondamentali dei sistemi supramolecolari, quali la capacità di 

auto-assemblarsi in condizioni relativamente blande, la possibilità di ottenere un 

riconoscimento molecolare specifico tra molecole complementari e la capacità di 

riconoscere e correggere gli eventuali errori in questo riconoscimento, derivano dalla 

natura delle forze che permettono la formazione dei complessi. Infatti, nei sistemi 

supramolecolari le molecole interagiscono attraverso numerosi legami, relativamente 

deboli se considerati singolarmente, ma la cui somma risulta sufficiente a stabilizzare 

l’interazione. In questo contesto, la complementarietà dei siti di legame, sia per quanto 

riguarda la forma tridimensionale delle molecole interagenti che per quanto riguarda la 

natura dei gruppi funzionali, è di primaria importanza per garantire stabilità, specificità 

e selettività dei complessi che si formano. 

Nello studio volto a comprendere le proprietà dei sistemi supramolecolari possono 

essere utilizzate varie tecniche, che ne consentono la caratterizzazione sia in 

soluzione che allo stato solido. In particolare, le tecniche di diffrazione di raggi X da 

cristallo singolo consentono la precisa identificazione delle interazioni coinvolte e dei 

gruppi funzionali responsabili del riconoscimento molecolare. Le informazioni ottenute 

dalla struttura cristallografica sono, perciò, molto utili per la comprensione delle ragioni 

della selettività e specificità osservata in questi sistemi. 

Considerando la sorprendente efficienza della catena di trasporto mitocondriale 

nell’ottenimento di energia dall’ossidazione di metaboliti, questo è sempre stato uno 

dei sistemi naturali più studiati con l’obiettivo di replicarne le caratteristiche in un 

sistema artificiale. Il passaggio chiave di questa via metabolica è il trasferimento di 

elettroni tra proteine con potenziali elettrostatici decrescenti. Per evitare lo spreco di 

energia in reazioni secondarie, è di fondamentale importanza il riconoscimento tra i 

partner biologici, che permette agli elettroni di seguire la corretta sequenza di passaggi 

che garantisce l’utilizzo ottimale dell’energia immagazzinata nei legami chimici dei 

metaboliti. Il citocromo c mitocondriale è una delle proteine coinvolte in questo 
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complesso meccanismo di scambi elettronici e le sue iterazioni con i partner biologici 

sembrano essere regolate da cambiamenti conformazionali che avvengono sulla 

superficie della proteina, in seguito alla riduzione/ossidazione dello ione ferro 

contenuto nel gruppo prostetico eme. In questo lavoro di tesi, le due forme ossidata e 

ridotta del citocromo c da cuore di cavallo sono state cristallizzate in presenza di ioni 

nitrato. L’obiettivo di questo lavoro è stato la mappatura della superficie elettrostatica 

della proteina utilizzando una sonda ionica non fisiologica, quale lo ione nitrato. Le 

ridotte dimensioni di questo anione inorganico e la conseguente alta densità di carica 

si sono rivelate caratteristiche utili per una precisa identificazione delle regioni con 

carica maggiormente positiva sulla superficie del citocromo.   

Il confronto delle strutture nei due diversi stati di ossidazione ha evidenziato che le 

maggiori differenze riguardano le posizioni delle catene laterali dei residui posti sulla 

superficie della proteina, le interazioni con gli ioni nitrato ed il cambio del network di 

legami ad idrogeno nel core proteico vicino alla regione dell’eme. In particolare, il 

meccanismo di switch di legami ad idrogeno che si attiva in funzione della variazione 

dello stato di ossidazione è stato relazionato alla modulazione del potenziale di 

riduzione dei citocromi c. 

L’analisi delle posizioni degli ioni nitrato ha rivelato la diversa disposizione delle 

regioni a maggiore carica positiva tra le due strutture. In base a questa mappatura 

della superficie sono stati analizzati anche i complessi fisiologici del citocromo c, già 

caratterizzati strutturalmente e presenti nella banca dati Protein Data Bank. In 

particolare, per la formazione e rottura del complesso tra citocromo c e citocromo bc1, 

è stato proposto un meccanismo basato sulla variazione della superficie elettrostatica 

del citocromo causata dal trasferimento di un elettrone dal complesso bc1. Infatti nella 

forma ossidata del citocromo è stata riscontrata una complementarietà di carica tra le 

superfici del bc1 e del citocromo c che viene in parte persa nella forma ridotta del 

citocromo c, determinando la rottura del complesso in seguito al trasferimento 

elettronico. Sono state analizzate anche le strutture cristallografiche dei complessi del 

citocromo c con la citocromo c perossidasi e del citocromo c2, una proteina batterica 

con funzione e struttura tridimensionale simile al citocromo c, con il centro di reazione 

fotosintetico.  

In questo caso la diversa disposizione degli ioni nitrato sulla superficie del 

citocromo c fornisce direttamente una chiave di lettura del possibile meccanismo di 

attacco e distacco di questo trasportatore di elettroni. Infatti, la superficie coinvolta 

nella formazione del complesso proteico è maggiormente carica positivamente 

(maggior numero di ioni nitrato) quando il citocromo è nella forma ridotta, mentre una 

volta trasferito l’elettrone al partner redox è la superficie opposta del citocromo ad 

aumentare di carica positiva destabilizzando il complesso proteico. 
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Nell’ambito dello studio di sistemi in grado di mimare i sistemi biologici, sono stati 

analizzati anche complessi supramolecolari artificiali contenenti porfirine. Queste 

subunità molecolari, simili alle clorofille delle piante, sono tra le più promettenti come 

sistemi antenna per la raccolta dell’energia solare, grazie alle loro uniche proprietà 

spettroscopiche e alle molteplici strategie sintetiche sviluppate per la 

funzionalizzazione di queste molecole. In particolare, in questo lavoro di tesi sono stati 

caratterizzati sistemi di porfirine e cavitandi, in cui la geometria del complesso 

supramolecolare è legata alla simmetria dell’unità porfirinica. Un nuovo versatile 

materiale nanoporoso è stato ottenuto attraverso utilizzo di interazioni non covalenti 

sinergiche tra calixareni e porfirine. Questa struttura supramolecolare che ricorda le 

zeoliti è stata successivamente funzionalizzata attraverso la diffusione di ioni metallici 

nei canali della struttura e la coordinazione ai gruppi carbossilato presenti sul bordo 

inferiore delle molecole di calixarene. Il materiale nanoporoso così ottenuto, 

contenente un pigmento porfirinico assieme ad uno ione metallico, è molto promettente 

per il successivo sviluppo di sistemi artificiali che coniugano la capacità di raccogliere 

la radiazione elettromagnetica nel campo del visibile con centri catalitici in grado di 

immagazzinare tale energia in legami chimici. 

L’ossidazione dell’acqua, con sviluppo di ossigeno e idrogeno molecolari sfruttando 

l’energia solare, è una delle reazioni più attraenti per lo sviluppo di sistemi 

ecocompatibili, in quanto permette l’utilizzo di una fonte energetica rinnovabile, 

l’energia solare, e di un reagente non tossico e ampiamente biodisponibile, l’acqua. 

Inoltre, l’energia che può essere immagazzinata a parità di massa nell’idrogeno è 

molto maggiore rispetto a quella contenuta nei tradizionali carburanti contenenti 

carbonio. Nei sistemi naturali, la reazione di ossidazione dell’acqua è permessa da un 

complesso proteico noto come Oxygen Evolving Complex (OEC), contenente un 

centro catalitico formato da quattro ioni manganese e in grado di scambiare 

contemporaneamente quattro unità ossidanti. Alcuni complessi artificiali a base di 

rutenio hanno dimostrato di avere proprietà simili al sistema naturale. In questo lavoro 

di tesi, uno di questi complessi, costituito da un nucleo formato da 4 ioni rutenio legati 

da ponti ossigeno, è stato caratterizzato strutturalmente. Tale complesso ha dimostrato 

elevate capacità catalitiche nella reazione di produzione di ossigeno a partire 

dall’acqua in presenza di cerio (IV). Lo studio cristallografico ha permesso di ottenere 

dettagli strutturali importanti per la comprensione del meccanismo di reazione di tale 

complesso. 

La chimica supramolecolare è stata utilizzata anche nello sviluppo di sensori, che si 

avvalgono delle caratteristiche di reversibilità e di specificità che possono essere 

ottenute mediante la progettazione razionale di opportuni recettori molecolari. Negli 

ultimi anni, un sorprendente numero di recettori sintetici per il riconoscimento di 
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molecole attraverso interazioni non covalenti è stato progettato e preparato. Tra questi, 

la classe dei cavitandi, molecole costituite da una cavità aromatica rigida, è risultata 

particolarmente interessante e versatile. Mentre precedenti studi hanno dimostrato le 

capacità di complessazione di cavitandi tetrafosfonati nei confronti di piccoli cationi e 

molecole neutre, in questo lavoro di tesi viene presentato lo studio cristallografico di un 

recettore per alcoli con corta catena alchilica. Cristalli isomorfi dello stesso cavitando 

sono stati ottenuti in presenza di diversi guest, permettendo il confronto delle 

interazioni che determinano la formazione del complesso in ciascun caso. 

Successivamente, sono stati portati a termine esperimenti di cocristallizzazione in 

presenza di due specie alcoliche, al fine di studiare la competizione tra queste specie 

per il sito del cavitando. Per ridurre la quantità di campione utilizzata in ogni singolo 

esperimento, è stata realizzata una procedura di cristallizzazione in micro-batch. Le 

strutture cristallografiche dei complessi cresciuti in presenza di miscele binarie 

presentano una notevole sovrapposizione delle densità elettroniche dei diversi guest, 

che ha impedito l’affinamento tradizionale dei parametri di occupazione delle singole 

specie atomiche utili a valutare la diversa affinità del cavitando nei confronti degli alcoli 

utilizzati. Di conseguenza, è stato sviluppato un metodo alternativo per valutare i fattori 

di occupazione dall’analisi diretta delle intensità di diffrazione. Questo studio 

cristallografico ha permesso la determinazione di una scala di affinità relativa dei guest 

alcolici per il sito del cavitando. 

Molecole che presentano funzionalità di host possono essere utilizzate anche nella 

progettazione di polimeri supramolecolari. Questo tipo di sistemi è particolarmente 

interessante per la possibilità di attivare o disattivare la polimerizzazione in risposta ad 

uno stimolo esterno. In questa tesi, un approccio di questo tipo è stato applicato alla 

sintesi di un omopolimero e di un eteropolimero. Nel primo caso, un gruppo N-

metilpiridinio è stato introdotto sul bordo inferiore di un cavitando resorcinarenico 

tetrafosfonato, mentre nel secondo caso due cavitandi dello stesso tipo sono stati 

legati a formare un monomero con doppia funzionalità host, che polimerizza se 

accoppiato con una molecola che presenta due gruppi guest. Le tecniche di diffrazione 

di raggi X da cristallo singolo sono state applicate a questi sistemi per la 

determinazione delle geometrie di complessazione. Inoltre, sono state progettate 

molecole con funzionalità di terminazione di catena e la loro capacità nell’impedire la 

crescita del polimero è stata indagata sia in soluzione che allo stato solido. 

Considerando che gli esempi di polimeri supramolecolari precedentemente riportati 

erano basati soprattutto su legami a idrogeno, il presente lavoro, in cui le proprietà 

della complessazione host-guest sono state sfruttate nella progettazione di polimeri 

supramolecolari, rappresenta un passo avanti nell’uso delle interazioni non covalenti 

per lo sviluppo di nuovi materiali polimerici.  
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1. Introduction 

1.1 Supramolecular chemistry 

Non covalent interactions have been extensively examined since 1969, when J.M. 

Lehn defined the new field of supramolecular chemistry as the “chemistry beyond the 

molecule” [1], that is the study of interactions between the molecules. A variety of non 

covalent forces, ranging from hydrogen bonds, to electrostatic interactions and to non 

polar interactions, such as π-π stacking and hydrophobic van der Waals forces, are 

available for supramolecular chemistry. Moreover, this kind of interactions is present in 

almost all natural processes, hence, their understanding can improve our ability to 

exploit the possibilities of supramolecular designed systems [2].  

The main features characterizing supramolecular chemistry, such as the ability to 

self-assemble the building blocks in relatively mild conditions, the possibility to obtain 

the molecular recognition between complementary molecules and to correct possible 

errors in this recognition, are based on the nature of the forces determining the 

aggregation [3]. Molecules assemble through a large number of relatively weak 

interactions. The energy of the single interaction alone is generally not sufficient to 

stabilize the supramolecular complex. However, if the two interacting sites have a 

complementary pattern of functional groups, a thermodynamically stable complex 

arises from the sum of all weak forces [4]. The specificity and selectivity of the 

formation of molecular complexes lie on the exploitation of the energy and the 

information involved in molecular recognition between the reaction species [1]. 

The reversibility of the molecular recognition is allowed by the fast formation and 

breakage of the single weak interaction. Generally, a supramolecular complex is 

subjected to continuous changing of the interactions assuring the dynamism required 

to bring the system to its lowest energy state, avoiding other local minima. Thus, 

supramolecular complexes are generally assembled in thermodynamically controlled 

synthesis. On the contrary, most of the reactions used in covalent synthesis are 

irreversible in practice. The outcome of a given synthesis is determined by the kinetics 

of the desired reaction as well as the kinetics of the undesired competing processes. 

For thermodynamically controlled supramolecular reactions the situation is much less 

complex, since product distributions only depend on the relative Gibbs free energies of 

the products themselves [5].  

In supramolecular synthesis, complementarity of the sites of interaction, as regards 

size, shape and electrostatic properties, allows to gain a specific complex through a 

clever design of the building blocks [3]. The introduction of preorganized sites capable 

to form  specific patterns of interactions, such as those based on hydrogen bonding [6], 
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leads to the possibility of making artificial receptors able to select interacting 

molecules. Moreover, a dynamic supramolecular material capable of responding to 

external stimuli, such as the changing of the pH, the ionic strength of the solution or the 

introduction of another molecule or ion, by modification of their constitution through 

component exchange or reorganisation depending on the environmental conditions 

can be achieved [7]. Various examples of complexes that are tuned according to the 

external conditions are reported in literature [8-10]. 

 

1.1.1 Non covalent interactions in nature 

Non covalent interactions used in the synthesis of supramolecular complexes are 

present in almost all natural processes involving molecular recognition. Actually, the 

features of this kind of interactions that make them a useful tool for the design of 

artificial systems with dynamic properties are also essential for biomolecules involved 

in fast and selective biological reactions.  

In natural systems, one of the most amazing examples of molecular recognition of 

subunits that leads to the formation of a complex and fascinating structure, with new 

properties with respect to the building blocks, is the formation of the protein coat of the 

Tobacco Mosaic Virus (TMV) around a single strand of RNA (Figure 1.1). More than 

two thousand subunits, having the same aminoacidic sequence, are able to assemble 

in disk-shaped sub-assemblies, that are, afterwards, held together by the action of the 

nucleic acid polymer, forming a helical super-assembly [11]. Another remarkable 

characteristic of this virus is the possibility to dissociate the whole viral particles into 

the proteins and the RNA chain and, then, re-associate in vitro, obtaining the functional 

assembly again [11].  

 

 

Figure 1.1: Schematic representation of the super-assembly of the Tobacco Mosaic Virus, one 

of the most amazing examples of self assembly in natural systems [12]. Protein subunits are 

shown in yellow, while the RNA chain is the black wire.    
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The example of the TMV shows the importance of molecular recognition based on 

non covalent forces, since the information required for the formation of such a large 

final structure is stored in a small amount of genetic material. The use of 

complementarity in shape and functional groups allows to gain a great advantage in 

terms of economy of the system, since large ordered arrays are obtained by small 

simple subunits, encoded by a limited number of base pairs (around 500 base pairs for 

the subunit of the protein coat of the TMV) [12]. Moreover, the weakness and the 

dynamism of the interactions involved, both directional, such as hydrogen bonds, and 

shape dependent, such as van der Waals forces, is determinant to allow the system to 

reach the correct conformation, which is the thermodynamic one, without errors in the 

construction [12]. Actually, the dynamic equilibrium between the assembled and the 

free subunits is fundamental for the correction of wrong attachments, which can affect 

the growth of the structure. Such a system is, thus, error-checking and self-correcting 

[12].  

Self assembly is also fundamental for the formation of the ribosome, the complex 

molecular machine involved in the translation of the genetic code from nucleic acid into 

protein, that was demonstrated to occur in vitro starting from the subunits, both 

proteins and RNAs [13]. Therefore, the mechanism of formation of the ribosome does 

not require other proteins and all the essential information is stored in the functional 

groups of the subunits and in their spatial disposition [12].  

Another fundamental example of the importance of molecular recognition based on 

non covalent interactions in biology is the well-known Watson-Crick pairing of the 

nucleotidic bases in the structure of DNA [14]. Specific interactions govern the 

formation of the double strand, so that the genetic information can be replicated 

avoiding changes. While a covalent synthesis would incur in the possible formation of 

wrong couplings between bases, the reversibility of the interaction between the two 

strands, together with the specificity of the pairing, allows the growth of an error-free 

double-strand [15]. 

The high specificity obtained through a clever disposition of the complementary 

sites is the main idea that we can learn from the observation of specific interactions 

occurring in nature, such as enzyme-substrate interactions or molecular recognition 

between antigens and antibodies. This kind of systems are based on non covalent 

interactions of various kinds, that act together to increase the binding energy of the 

complex. Hydrogen bonds play a key role on the recognition between the DNA strands, 

but are also very important in many protein-protein interactions. Moreover, the 

electrostatic charge complementarity is required for many biological processes. This 

long-range interaction is crucial for molecular recognition processes. In particular, 

those involving the negatively charged DNA with positively charged proteins, like the 
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transcription factors, as well as in the electron transfer pathways where the exchanges 

of electrons between proteins are governed by charge complementarity (see chapter 

1.2).  

A class of very weak interactions whose importance is often underestimated is that 

of hydrophobic interactions. Actually, the energy contribution of one of these 

interactions is very low if considered singularly, but their contribution becomes evident, 

for example, in the folding of globular proteins [16, 17]. Considering the relatively high 

energy of the hydrogen bonds and that the secondary structure of protein is defined by 

the H-bond network, it may be accounted that the protein folding is driven by them. 

However, the enthalpic contribution of the competitive solvent-protein interactions 

would be greater than the one of the protein-protein contacts, thus favouring a random 

coil conformation. Thus, the actual conformation of a globular folding is driven by the 

formation of hydrophobic contacts between non polar groups, usually forming a packed 

structure in the inner part of the protein [18, 19]. Another example of the importance of 

the hydrophobic interactions in biology is the self organization of the lipid membranes.  

 

1.1.2 Artificial supramolecular systems mimicking biological ones 

The interesting features of biological systems suggest the use of the same kind of 

non covalent interactions to obtain efficient supramolecular systems. For this purpose, 

a deep comprehension of the rules regulating the molecular recognition in biology is 

required. From natural systems, chemists learnt the high convergence of processes in 

which non covalent dynamic interactions are implied, since the thermodynamically 

most stable complex is always formed in presence of reversible interactions. To form a 

large molecular system, the use of pre-organized, simpler subunits is more economic 

considering that the amount of information required is stored only in the pattern of the 

chemical groups. Moreover, the self-checking ability of such systems gives another 

boost to the use of non-covalent interactions in the design and synthesis of 

supramolecular systems to fulfil very different practical functions. All these 

characteristics are mainly responsible of the development of the bottom-up approach in 

the synthesis of nanoscale devices. 

Various kinds of chemical groups have been applied for very different purposes, 

including metal complexes, organic molecules and biological polymers. In particular, 

metal coordination has been extensively used due to the large variety of geometries 

accessible using different metal ions. Moreover, depending on the nature of the metal 

and the ligands, the inertness/lability of the products can be easily tuned, together with 

the stability that can be gained thanks to the high energy contribution of some metal 

bonds. Many examples of complicated architectures based on coordination 



Introduction 

 9

compounds have been reported in literature [20-26]. Hydrogen bonding features have 

been exploited in particular by organic chemists, designing systems able to self 

recognize thanks to a complementary pattern of hydrogen bonds  [27-29].  

Another approach to the design of synthetic systems that mimic the natural 

functions of biological complexes was performed through the production of artificial 

proteins [30-32]. Small proteins have been successfully designed both using a rational 

approach and combinatorial methods. In addition to the aminoacidic composition of the 

peptidic chain, such proteins can be functionalised by the suitable introduction of 

natural or artificial prosthetic groups, allowing to achieve a great number of different 

functionalities [33]. 
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1.2 Light harvesting systems and electron transfer reactions 

The great demand for new energetic sources has motivated a great number of 

researchers to develop systems able to use one of the most abundant sources of 

renewable energy, the solar light. In particular, natural systems have been extensively 

investigated to understand principles that rule the high efficiency of photosynthetic 

systems, as regards both light harvesting and electron transfer reactions. In 

photosynthetic organisms, a unidirectional electron transfer event is induced by the 

solar energy and takes place in the transmembrane proteins with a high quantum 

efficiency, close to 100% [34]. Thus, solar energy is converted in an electrochemical 

potential through the membrane, allowing the formation of high energy chemical 

bonds. This process, promoted by the whole assembly of proteins with their prosthetic 

groups, is based on the formation of a charge separated state that has a long lifetime.  

Significant advances in the understanding of the main features of biological 

complexes and of the mechanisms that allow the efficiency of electron and energy 

transfers have been achieved through X-ray crystallographic, spectroscopic and kinetic 

studies, synthetic modelling and theoretical calculations. The results of biochemical 

studies provide a useful tool for the design of artificial systems that mimic the natural 

ones. In particular, from biological systems we have learnt that the coupling of an 

antenna complex with a system in which a charge separated state can be stabilized 

has many practical reasons, such as the increase of the ratio of photons whose energy 

can be trapped in a chemical bond, reaching the mentioned high quantum efficiency 

[35]. Moreover, the loss of convertible energy due to the energy transfer between 

various systems is greatly reduced by an optimisation of the molecular geometries. 

Natural systems using very efficient antenna system are able to use a broad range of 

energies of the solar radiation to obtain useful chemical work. 

In general terms, the photoinduced cascade of reactions can be summarized in 

three main steps [26]: 

D – B – A + h                      D* – B – A    or   D – B – A*     (photoexcitation)  

D* – B – A    or   D – B – A*                     D+ – B – A-     (charge separation) 

D+ – B – A-                    D – B – A     (charge recombination) 

where D represents the electron donor, i.e. the reducing group, A is the electron 

acceptor, i.e. the oxidizing group, whereas B is the bridging group. To gain the 

efficiency in such a series of reactions, the last step has to be cleverly retarded. In 

natural systems, such separation is achieved parting the donor and the acceptor on 

opposite sides of a membrane, so that protons can be pumped against a gradient. The 

winning strategy to avoid fast charge recombination that causes a waste of energy is 
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the separation of the donor and acceptor components, both on a spatial point of view 

and in a chain of different electron transfer steps. 

Electron transfer reactions in living organisms are essential in many metabolic 

pathways, such as photosynthesis and respiration. In the former, energy is obtained 

form the light and converted in anhydride bonds of adenosine triphosphate (ATP) 

molecules and in bonds of biological molecules obtained from bioelements, such as 

carbon from carbon dioxide, whereas, in the latter, energy stored in chemical bonds of 

ATP comes form the oxidation of nutrients in mitochondria. In both processes, the 

storage of energy in ATP molecules is achieved by coupling electron transfer with the 

formation of a gradient of protons thought a lipid membrane. Then, the electrochemical 

potential generated is used to synthesize ATP, that can be regarded as the “energy 

currency” of living cells [36].  

 

1.2.1 Natural strategies 

In photosynthesis, two stages can be distinguished: a first light-dependent step, in 

which the photooxidation of water molecules yields high energy electrons, and a 

second cluster of dark reactions, leading to the synthesis of metabolites [36]. Three 

membrane-embedded multimeric protein complexes are involved in the former step, 

photosystems I and II and the b6-f cytochrome complex. These complexes have been 

selected through evolution to perform efficiently the stepwise storage of multiple redox 

equivalents. In fact, the stoichiometry of many reductive reactions involved in the 

synthesis of high energy molecules require a multi-electron exchange [37]. The most 

interesting feature of this kind of systems is their ability to store efficiently a second, 

third, etc. reducing equivalent, a rare property since the first electron stored usually 

changes the properties of the system in such a way to render unfavourable the 

following steps [37]. 

In the oxygen evolving centre (OEC), in particular, a four electron process is 

performed by an oxo-bridge tetramanganese aggregate bound to the protein scaffold. 

Many studies were devoted to the elucidation of the actual reaction mechanism of this 

systems [38-40], but it has not yet been completely clarified. However, 5 states, 

originated by subsequent reduction steps, seem to be involved in the so-called Kok’s 

cycle (Scheme 1.1). In each of the first two steps of this cycle, an electron is stored in 

the manganese cluster, forming the species 2MnIII – 2MnIV (S1) and MnIII – 3MnIV (S2). 

The structure proposed for the ground state (S0) and the states obtained after the first 

two electron transfers (S1 and S2) has a cubane like shape formed by three Mn ions, 

one Ca ion and four oxygen atoms [40, 41]. For the third and the fourth electron 

transfer several models have been proposed [42, 43], but up to now none of them has 
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been definitively confirmed. One of the main subjects of debate is whether the electron 

acceptor is a manganese atom, an oxo-bridge or a residue of the polypeptidic chain.  

The S3         [S4]     S0 step, that occurs with the contemporary oxidation of 

water to oxygen, the reduction of a tyrosine residue to form the radical anion has been 

proposed [40]. As regards the geometry of the manganese cluster, on the basis of 

EXAFS data [42, 44], a low symmetry was suggested for the third state (S3), with a 

possible C-shape dimer-to-dimer conformation. These results contradict the proposed 

adamantane like geometry for this state [40]. However, EXAFS data confirm the 

structural change that accompanies the third reduction step and the active role of Ca2+ 

ion [45].  

 

S0 S1 S2 S3 S4 
hυ hυ hυ hυ 

2 H2O O2 + 4 H
+
 

 

Scheme 1.1 
 

Moreover, mobile carriers are used to carry electrons among the integral 

membrane complexes. The electron transfer between photosynthetic system II and b6-f 

cytochrome complex is allowed by lipophilic quinones, while cytochrome c6 is used to 

transport electrons from b6-f cytochrome complex to photosynthetic system I. The main 

feature of these intermediaries is that they move freely, interacting alternatively with 

the membrane-embedded proteins they shuttle between. Many studies have been 

devoted to understand the mechanisms of electron transfer in photosynthetic systems. 

The role of structural information in this field is clear and the first three-dimensional 

crystal structure of a bacterial photosynthetic system was published in 1984 [46]. 

The second main electron transfer pathway in natural systems is the oxidative 

chain of mitochondria, in which reduced cofactors are used as sources of reducing 

electrons and the final acceptor is the molecular oxygen changed into water. Moreover, 

in the chemiosmotic coupling process, adenosine 5'-triphosphate (ATP) is formed from 

adenosine diphosphate (ADP). Similarly to the photosynthetic pathway, in the oxidative 

chain of eukaryotic mitochondria, two functionally different types of electron carriers 

are involved, some proteins conserving an energized state due to the electron transfer 

and some other that isopotentially exchange electrons between sites of energy 

conservation [47]. In cellular respiration, as well as in photosynthesis, small diffusible 

redox proteins transport electrons between integral membrane complexes [48].  
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The eukaryotic mitochondrial chain is formed by four different membrane 

complexes (Figure 1.2). The first, known as complex I or NADH dehydrogenase or 

NADH quinone oxidoreductase, catalyses the transfer of electrons from the reduced 

form of nicotinamide adenine dinucleotide (NADH) to ubiquinone (coenzyme Q), which 

is reduced to ubiquiol (Figure 1.2). At the same time, four protons are moved across 

the membrane, producing the proton gradient, exploited to produce ATP. The second 

complex, the succinate-coenzyme Q reductase (or succinate dehydrogenase or 

complex II) oxidizes succinate, produced in the citric acid cycle, while transferring 

electrons to coenzyme Q (Figure 1.2). This membrane protein is involved both in the 

electron transfer chain and in the citric acid cycle. The cytochrome bc1 complex 

(complex III or coenzyme Q - cytochrome c reductase) oxidizes in two steps the 

ubiquinol and transfers the electrons to two molecules of cytochrome c (Figure 1.2). 

This is a multisubunit transmembrane lipoprotein, containing a variable number of 

subunits. Three of them are always present, i.e. the cytochrome b, that constitutes the 

site where the oxidation of coenzyme Q takes place, the Rieske protein, that has an 

iron-sulphur cluster and transfer electrons within the complex, and the cytochrome c1, 

that reduces the cytochrome c. The resulting of the whole mechanism of reaction of 

complex III is that two protons are transferred from the matrix to the intermembrane 

space, contributing to the formation of the cited proton gradient across the inner 

membrane of mitochondria. Finally, complex IV, also known as cytochrome c oxidase, 

oxidizes the cytochrome c, moving electrons to the oxygen, which is reduced to water 

(Figure 1.2). This electron transfer is coupled with proton pumping through the 

membrane. At the end of this chain, another multisubunit membrane protein performs 

the synthesis of ATP, using the energy stored in the proton gradient across the 

membrane. The ATP synthase allows the electrons to move from the intermembrane 

space to the matrix of mitochondria (Figure 1.2).  

The fast formation and breakage of redox complexes is required for the shuttling of 

electrons between fixed membrane proteins. In particular, shutters such as cytochrome 

c and coenzyme Q form weak interactions, with short lifetimes and low interfacial 

areas, so that a fast turnover is allowed [48].   
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Figure 1.2: Schematic representation of the electron transport chain in mitochondria. 

 

 

1.2.1.1 Cytochrome c and its role in the respiratory chain in cells 

Eukaryotic cytochromes c are small, globular, brown-red, metal containing proteins 

characterized by a c type protoporphyrin IX prosthetic group, the heme c group. In 

eukaryotes, two proteins belonging to this class have been found, the cytochrome c 

and the cytochrome c1, both acting as electron transfers during the mitochondrial 

oxidative phosphorylation process.  

In particular, cytochrome c is a water soluble protein, with 103-104 residues 

(molecular weight: 12.5 kDa). The common feature of this class is the presence of one 

or more protoheme IX prosthetic group, forming covalent thioether bonds with the 

polypeptidic chain, resulting from the condensation of vinyl groups of the heme and 

sulfhydryl groups of cystein residues [47]. Moreover, the iron ion contained the heme 

group forms two axial coordination bonds with two strong field ligands, i.e. a histidine, 

through its imidazole nitrogen, and the sulphur atom of a methionine. These 

coordination bonds were found to be nearly universally conserved among 

mitochondrial cytochromes [49]. The metal ion contained in heme groups is in a low 

spin state. The whole prosthetic group is embedded in the polypeptidic chain, 

stabilized by hydrogen bonding networks with aminoacidic residues, but an edge is 

exposed to the solvent [47]. The pocket where the heme is located is mainly formed by 

hydrophobic residues and this structural feature may be the reason why the 

electrochemical potential of some cytochromes is high. In particular, a common 

hypothesis to explain these high values is the difficulty in accommodating a positive 

charge in an hydrophobic environment, whereas the affinity for a reducing electron is 

increased [47].  
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The role of the cytochrome c in the mitochondrial electron transport chain is to 

accept an electron from cytochrome c1 (third complex) and, then, to transfer it to 

cytochromes a and a3 (fourth complex) [47]. Some studies suggest that cytochrome c 

is also involved in elimination of radicals produced during the respiration process [50]. 

In particular, an electron is transferred from cytochrome c to cytochrome c peroxidase, 

followed by reduction of hydrogen peroxide by the enzyme [51].  

Comparing aminoacidic sequences of eukaryotic cytochromes c, from yeast up to 

human, it has been inferred that the active site of cytochrome c has been greatly 

conserved during the evolution, especially as regards some residues having specific 

structural and catalytic roles [49]. In particular, residues forming the heme pocket are 

invariants or conservatively substituted, while residues forming the surface of the 

protein are more variable. 

The structure of cytochrome c at a good resolution has been known since 1981 [52, 

53]. Available structures of cytochromes show that this electron carrier differs greatly 

among prokaryotes, while it is one of the most conserved proteins in evolution of 

eukaryotes [47, 49]. Moreover, structural studies show that reduced and oxidized forms 

of cytochrome c are very similar [54], as neither covalent changes nor main 

conformational alterations are involved in the electron transfer process. However, a 

recent study on cytochrome c2, a prokaryotic protein belonging to the same family as 

eukaryotic cytochrome c, shows the importance of a buried water molecule, whose 

position appears to be dependent on the oxidative state of the iron ion [55, 56].  

Many studies have been devoted to elucidate the mechanisms of interaction of 

cytochrome c with its redox partners. Actually, this small protein, in its oxidized or 

reduced state, reacts with proteins that differ both for function and structure, forming 

transient complexes. Since no significant structural changes were noticed comparing 

oxidized and reduced forms of cytochrome, the selectivity must arise from subtle 

differences related with the oxidation state. The crystallographic characterization of 

complexes involving cytochrome c was performed in order to understand such 

specificity in molecular recognition and the electron transfer mechanism. 

 

1.2.1.2 Cytochrome c-cytochrome bc1 complex 

Cytochrome c reductase complex with one of its biological oxido-reductive partners, 

cytochrome c, was studied since 1979, first through solution studies [57, 58] and then 

through X-ray crystallography [48, 59, 60]. Both solution and solid state techniques 

revealed a similar interaction site on the cytochrome c molecule, located in the front 

surface, in the region where the positive end of the dipolar vector crosses the surface 

of the molecule and where an edge of the heme prosthetic group is exposed to the 

solvent. Thus, the interaction between the two proteins appears to be driven by the 
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dipolar charge distribution [57]. Moreover, a non specific binding of cytochrome c to the 

third mitochondrial complex was detected and at high concentrations cytochrome c 

acts as an inhibitor [58]. The inhibition effect is probably due to the reduction of the 

negative charge of the bc1 complex with cytochrome c bound in the non-specific site, 

hampering a second binding to the redox site. Probably, the non-productive binding 

alters the electrostatic environment of the cytochrome c reductase. This behaviour of 

cytochrome c as a inhibitor confirms the importance of the electrostatic surface for the 

correct interaction between the two proteins [58].  

For the complex III, a ping-pong mechanism was proposed, consisting in two 

independent interactions with the ubiquinol and with the cytochrome. Actually, the two 

molecules form binary complexes with the membrane protein. However, due to the 

different interaction sites, the formation of a ternary complex ubiquiol-cytochrome bc1 

complex-cytochrome c is possible and, therefore, a hybrid ping-pong mechanism 

rather than a simple ping-pong has been proposed for this electron transfer [58]. 

Remarkably, the X-ray crystal structure of cytochrome c-cytochrome bc1 complex 

(Figure 1.3) shows that the cytochrome c binds to only one cytochrome c1 subunit of 

the homodimeric multisubunit complex. On the contrary, two ubiquinol molecules bind 

to the membrane complex, each one on a cytochrome b subunit: Interestingly, 

occupancy of quinone in the Qi site is higher in the monomer with bound cytochrome c, 

suggesting a coordinated binding and reduction of both electron-accepting substrates 

[48]. Moreover, the second interaction site for cytochrome c was only partially and 

tentatively identified observing the presence in the structure of a poor residual electron 

density. This second site, located on the second cytochrome c1 subunit of the 

homodimeric bc1 complex, but in a different position with respect to the main binding 

site, is probably less specific and the binding between redox partners in this region is 

weak [48]. 

A detailed analysis of the high affinity binding site reveals that the heme groups are 

disposed in such a way to form an angle of 55° between their mean planes, with a iron-

iron distance of 17 Å and a minimum distance of 4.5 Å between two pyrrolic rings of 

the porphyrins (Figure 1.3) [48, 60]. The interacting area has a trapezoid shape with a 

majority of non-polar interactions, such as stacking pairs, and only few salt bridges 

[48]. However, charge residues are also present in the interacting area, forming a 

semicircle around the exposed heme edge (Figure 1.4) [60]. It is believed that the long-

range electrostatic interactions drive the formation of a short-lived, dynamic complex. 

Afterwards, dominant non-polar interactions allow the formation of a specific and 

defined bound state [60].  
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Figure 1.3: X-ray structure of the complex between cytochrome c (red cartoons) and 

cytochrome bc1 complex (blue cartoons). The structure has been obtained from the Protein 

Data Bank (code: 1KYO) [48]. In the inset, closeup of the interactions site, residues in close 

contact are represented as sticks. 
 

 

 

Figure 1.4: High resolution structure of the complex between cytochrome c1 (pink) and 

cytochrome c (light blue) (PDB code: 3CX5) [60]. The two complementary interactions surfaces 

are represented, heme groups are coloured in green, hydrophobic residues surrounding the 

heme exposed edge in orange, residues forming a weaker interactions in yellow and charged 

residues forming long-range electrostatic interactions are coloured in red (negatively charged, 
on the cytochrome c1 surface) and red (positively charged, on the cytochrome c surface). 

 
The high resolution crystal structure of this complex, recently obtained by the 

research group of Professor Hunte, underlines the importance of water-mediated 

interactions between the proteins, while no residues close enough to form hydrogen 

bonds or salt bridges were found at the interface [60]. In particular, two water 

molecules were found to form a hydrogen bond with the cytochrome c and another one 

with the cytochrome c1 and Van der Waals interactions have been recognized for other 



Introduction 

 18

8 water molecules bridging between the two proteins. Thus, the several hydrophobic 

interactions found around the heme exposed edge do not seal the interface from the 

solvent [60]. The confirmed presence in the crystal structure of two identical dimers but 

only one binding site occupied by cytochrome c allows a comparison of the water 

molecules bound to two independent cytochrome c1 subunits. The result of this 

analysis substantiates a higher number of interfacial water molecules bound to the 

occupied subsite, coupled with disordered charged residues on the cytochrome c side. 

It was speculated that pronounced hydration and a "mobility mismatch" at the interface 

are favourable for transient binding [60]. 

 

1.2.1.3 Cytochrome c-cytochrome c oxidase complex 

A second complex belonging to the mitochondrial electron transport chain interacts 

with cytochrome c, the cytochrome c oxidase, or complex IV. Four electrons are 

required to fully reduce to cytochrome c oxidase complex and four individual steps of 

interaction between the two redox partners are expected [61]. Although a crystal 

structure of this complex has not yet been obtained, due to the difficulties in 

crystallization of membrane proteins such as cytochrome c oxidase, many solution 

studies have been devoted to the determination of residues involved in the molecular 

recognition between cytochrome c and oxidase. In particular, site directed mutagenesis 

[62, 63], kinetic studies on isolated soluble domains of the membrane protein [62], 

NMR techniques [64] and computational approaches [65] were successfully applied 

and the information derived from these works were considered together with the solid 

state structures of cytochrome c oxidase from mitochondria [66] and its bacterial 

analogue [67].  

Cytochrome c binds to a site located in the subunit II of the oxidase complex, 

characterized by an extended hydrophilic domain and containing the first electron 

acceptor, the copper ion known as CuA [61]. The strong influence of the ionic strength 

on the kinetics of this interaction underlines the electrostatic character of the molecular 

recognition process, that is hindered both by a high ionic strength, due to the charge 

shielding, and by a low ionic strength, due to decreasing of the breakage rate of the 

complex [61]. However, as for the cytochrome c-cytochrome bc1 complex, no specific 

charged residues have been recognized to be essential for complex formation, while 

the general dipole moment was hypothesized to be the crucial factor for binding. 

Moreover, mutations of non charged residues in the binding site pointed out that 

hydrophobic short range forces are also important for optimising the orientation of 

redox partners [62]. Thus, similarly to the interaction with the complex III of 

mitochondrial electron transport chain, a double step model was suggested, involving 

both long range interactions, driven by electrostatic surface potential, that pre-orient 
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the two partners, and short range hydrophobic interaction, that rule the fine tuning of 

their position to obtain the productive electron transfer complex [61, 62]. In particular a 

tryptophan residue exposed on the surface of cytochrome c oxidase subunit II turned 

out to be essential for the electron transfer process [62].  

Comparing the information about this complex to the previous one, the area of the 

surface of cytochrome c involved in the interaction is the same in both cases, on the 

front surface of the soluble protein, containing the solvent accessible heme edge. 

However, significant differences occur in the two kinetic behaviours, such as the 

different response to an increase of the ionic strength, being cytochrome oxidase more 

sensitive than cytochrome reductase [58, 61]. These differences might reflect the 

different reactivity of the two, considering that cytochrome oxidase binds in 

physiological conditions the reduced form of cytochrome c and has to dissociate from 

the reduced one, while the opposite happens for the bc1 complex. 

 

1.2.1.4 Cytochrome c-cytochrome c peroxidase complex 

Many studies were devoted to elucidate the electron transfer mechanisms involving 

cytochrome c and cytochrome c peroxidase. The role of cytochrome peroxidase is not 

completely clear, but it is involved in the inactivation of alkyl peroxides, that are 

reduced by this protein. Afterwards, the oxidized form of cytochrome c peroxidase is 

reduced through the oxidation of two cytochromes c, in a two-step electron transfer 

[68]. The whole process can be thought as a bi-electron transfer reaction between two 

molecules of cytochrome c, donors of one electron each, and a hydroperoxide, 

acceptor of two electrons, with cytochrome c peroxidase working as a catalyst [68].  

The considerable number of papers published about cytochrome c peroxidase-

cytochrome c complex are due to the fact that this system can be considered as model 

of mitochondrial electron transfers involving cytochrome c and these multi-protein 

complexes are more challenging to study since they imply the crystallization of 

membrane proteins. In particular, cytochrome c peroxidase and cytochrome c oxidase 

show a similar reactivity towards cytochrome c as regards stoichiometry of the 

complex, binding constant, kinetic of reaction and dependence on ionic strength [69]. 

The electron transfer complex between cytochrome c peroxidase and cytochrome c 

was characterized, through X-ray crystallography [68, 70-72] (Figure 1.5), computer 

methods [69, 73], binding-site mutation studies in solution [71, 74-79]. 
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Figure 1.5: X-ray structure of the complex between cytochrome c (red cartoons) and 

cytochrome c peroxidase (blue cartoons). The structure has been obtained from the Protein 

Data Bank (code: 2PCB) [68]. 
 

The complex formation seems to be driven by non polar interactions of residues 

exposed to the solvent on the surface of cytochrome c, that give an entropically 

favourable desolvation contribution [69]. Moreover, π-π interactions and CH-π 

interactions have been recognized in the region of heme group. However, considering 

titration calorimetry measurements in solution [78] and crystallographic results [68], the 

main interactions that allow the recognition between cytochrome c peroxidase and 

cytochrome c have an electrostatic nature and, thus, are greatly affected by the ionic 

strength of the environment of the protein, while the positive entropy of solvation in 

only a secondary contribution. The X-ray structure of the complex shows the mutual 

position of the heme groups of the two proteins, having mean planes that form an 

angle of 60° [68]. Other works analyse the variations of the binding mode due to the 

formation of the crystals and come to the conclusion that crystallization does not affect 

the conformation of the complex involved in the electron transfer process [72].  

The electron transfer process between cytochrome c peroxidase and cytochrome c 

occurs though the very fast formation of the complex, with a diffusion controlled kinetic. 

The electron transfer and the fast dissociation have a half-time in the order of 

milliseconds [78]. The binding site specificity seems to be due to the electrostatic 

potentials of the interacting partners, rather than by multiple, strong complementarity of 

side chains of residues on the surface [78]. 
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1.2.1.5 Other complexes of cytochrome c 

Cytochrome c is involved in the formation of other, secondary complexes. In 

particular, recently the complex between cytochrome c and cytochrome b5, a 

membrane bound hemoprotein which functions as an electron carrier for several 

membrane bound oxygenases, have been studied in solution [80-82] and by 

computational methods [83, 84]. Electrostatic interactions were proven to be involved 

in molecular recognition between the two cytochromes, since the mutation of 

negatively charged residues on the surface of the cytochrome b5 results in a 

weakening of the affinity for the cytochrome c binding site and, thus, in a decreasing of 

the electron transfer rate [80]. Moreover, a clue of the importance of these interactions 

is the behaviour of the proteins at different ionic strengths, since the neutralization of 

the charges reduces the ionic strength sensitivity of the binding. However, the overall 

interaction seems to be determined more by the dipolar complementarity than by the 

sum of single salt bridges formed by charged residues [83], although the electrostatic 

energy plays a determinant role in complex formation [81]. Hydrogen bonds were 

recognized to contribute to the interaction, as well as hydrophobic interactions  [83], 

similarly to what observed for the cytochrome c-cytochrome c reductase complex (see 

above) [60]. Even if mutation studies revealed that the hydrophobic patch of the 

cytochrome c is not the electron transfer pathway [80], the formation of a cleft that 

allows the exposition of a hydrophobic region on cytochrome b5 was proposed. This 

rearrangement would occur in a nanosecond time scale. As regards the whole 

mechanism involving cytochrome c and cytochrome b5 electron exchange, it has been 

proposed that it might happen through a dynamic docking, similarly to the interaction of 

the same cytochrome b5 with myoglobin [85]. According to this model, various binding 

conformations would contribute to the complex formation, but only some of these are 

actually active for the electron transfer between the redox partners [80]. 

Another recent study considers the interaction between cytochrome c and a newly 

discovered protein [86], the neuroglobin, involved in minimising the apoptotic damage 

following ischaemic insults [87]. The mechanism of action of neuroglobin is not yet 

clear, but it seems to involve the oxidation of a molecule of cytochrome c [88]. The 

reaction among these two proteins is very fast and it is believed to intervene in the 

initial step of the apoptosis cascade that leads to the cell death in an anaerobic 

environment. Unfortunately, crystals of this complex have not been obtained yet and, 

therefore, only theoretical computational docking calculations are available [87]. 

However, this methods confirm that the interacting mode of the cytochrome c with 

neuroglobin is very similar to the one of the complexes involved in the mitochondria 

electron transport chain, previously characterized. The molecular recognition between 

the two proteins is mainly driven by electrostatic interactions and by a complementary 
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disposition of the dipolar surface. In particular, the region involved in the molecular 

recognition and electron transfer processes is the area of the exposed edge of the 

heme group [87]. A small distance between heme groups of the two proteins can be 

inferred basing on calculated models. Moreover, for the reaction the alignment of the 

two dipolar moments is required [87]. 

 

1.2.1.6 Cytochrome c2, the bacterial analogue of cytochrome c 

Cytochrome c2 is a 14 kDa water soluble protein, belonging to the same family of 

cytochrome c and involved in the cyclic photosynthesis in bacteria [89]. Even though 

the primary sequence of the two cytochromes is quite different, they are very similar 

concerning the three-dimensional structure, as both contain a heme prosthetic group 

covalently bound in a similar way to the polypeptidic chain. Moreover, as cytochrome c, 

the role of cytochrome c2 is to shuttle electrons between two integral membrane 

complexes, the cytochrome bc1 complex and the Reactions Centre. This electron 

transfer event is coupled with the generation of a proton gradient, that allows the 

synthesis of ATP.  

Cytochrome c2 has been extensively studied in complex with its redox partner 

Reaction Centre [89-93]. The Reaction Centre in physiological conditions binds more 

tightly the reduced form of cytochrome c and transfers one electron to its heme iron, in 

an overall reaction which is similar to the one of cytochrome c oxidase [61].   

The complex between cytochrome c and the Reaction Centre of Rhodobacter 

Sphaeroides has been crystallized by Axelrod and co-workers in two different 

monoclinic crystal forms, obtaining a docking very similar for both [89]. Thus, the 

interactions site has been characterized in such a way that influences of the crystal 

packing can be excluded. In particular, a pattern of different kind of interactions was 

observed at the interface of the two proteins (Figure 1.6). The ring of lysines, present in 

cytochrome c2 as in its mitochondrial analogue, around the heme exposed edge, 

interacts with various negatively charged residues on the Reaction Centre. However, 

the interaction distance for this residues, is rather long, measuring more than 5 Å, and 

some water molecules are in contact with both surfaces, like in the structure of the 

cytochrome bc1-cytochrome c complex [60]. Some specific hydrogen bonds were 

characterized too. Other non polar, hydrophobic interactions influence the binding as in 

structures of complexes of cytochrome c [60, 62, 68, 83]. Finally, a cation-π interaction 

between a arginine residue of cytochrome c and a tyrosine residue of the Reaction 

Centre, was found to stabilize the complex [89]. Therefore, two regions were 

recognized on the surfaces of the redox partners, one containing mainly hydrophobic 

regions and the other with exposed charges, located externally with respect to the 

exposed edge of the heme group (Figure 1.6).  
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Figure 1.6: X-ray structure of the complex between cytochrome c2 (pale cyan) and Reaction 

Centre complex (pale pink). The structure has been obtained from the Protein Data Bank (code: 
1L9J) [89]. The two complementary interactions surfaces are represented in the insets. Heme 

groups involved in electron transfer are coloured in green, hydrophobic residues surrounding 
the heme exposed edge in yellow, residues forming a hydrogen bond interactions in orange and 

charged residues forming electrostatic interactions are coloured in red (negatively charged, on 
the Reaction Centre surface) and red (positively charged, on the cytochrome c2 surface). 

 

Moreover, considering the two possible redox states of cytochrome c2, some 

differences were noticed. In particular, on the surface of the Reaction Centre complex 

two sites of interaction were recognized for the reduced form, with different features, 

whereas only one site is accessible to the oxidized form [91]. One of the two binding 

sites of ferrocytochrome c2 has a high affinity for it, while the other, like the binding site 

of the oxidized form, shows a low affinity binding. This feature may be very important to 

understand the mechanism of formation and breakage of the protein-protein complex, 

that is not based on conformational variations between the two forms at different 

oxidation states [54, 91]. 

 

1.2.1.7 Main features of biological complexes involved in electron transfer 

In complexes involved in electron transfer, transition metals are bound to the 

proteins to allow the storage of one or more electrons. Three different mechanisms 

have been proposed for the electron transfer involving metalloproteins [47].  

Reactions between two metal ions can take place through the formation of one or 

more bridges through the exchange of ligands of the metal centres. In this case, an 

inner-sphere electron transfer is possible between this ions. For biological systems, 
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this kind of reaction is possible only if the metal is accessible from the outside and it is 

not embedded in the polypeptidic chain.  

Another possible mechanism of oxidation/reduction of a metal centre is the outer 

sphere electron transfer, in which a direct bond of the reagent to the metal is not 

required. The coordination shell of the redox centre is maintained throughout the 

reaction, while electrostatic interactions can occur between the two partners. For 

example, in cytochrome c, the coordination sphere of the iron ion does not change 

during electron transfer reactions, but the heme exposed edge is fundamental for the 

reaction, as proved by the cited three-dimensional structures of biological complexes 

[48, 59, 60, 68].   

The third possible way to exchange electrons in biological systems is the so-called 

quantum mechanical tunnelling. The basic principle involved in this mechanism is the 

capability of electrons to penetrate any potential barrier they might encounter [47]. In 

practice, this kind of reaction is possible if a thermally activated transition state is 

formed and, then, quickly dissipated after a short range tunnelling of electrons has 

happened.  

The electrostatic surface is very important for both the outer-sphere and the 

tunnelling models, since they require a close approach of the molecules involved in the 

oxidation/reduction reaction [48, 79, 80, 91]. Moreover, for proteins the hydration 

sphere should be considered. In both mechanisms, a distortion of the reactants, 

structural or electronic, is expected. Often, the interaction between proteins to form the 

biological complexes induces the required degree of distortion, so that the electron 

transfer is favoured [72]. 

 The transient nature of the complexes involved in electron transfer reactions is a 

fundamental feature of all biological systems where the transfer of electrons is 

employed in the storage of energy. Actually, the electron transfer time is in the order of 

microseconds [89], but the whole reaction must also consider the formation and the 

breakage of complexes. To obtain a high turnover number for this process, the fast 

formation of weak, but very specific interactions is required [87, 89]. After the electron 

has been removed from the reduced centre, the protein is again available for a new 

cycle in a short time. The fast formation and breakage of the complex makes 

conformational changes in the structure of proteins involved very unlike [65]. Moreover, 

for the maintenance of the physiological specificity in transferring electrons, preventing 

the loss of energy, a high specificity is needed. For these purposes, natural systems 

evolved a strong complementarity between proteins involved in electron transfer, but 

using weak interactions. Considering the example of cytochrome, the mechanism of 

recognition involves a first step of approaching between the proteins, driven mainly by 

long range electrostatic interactions and dipolar surface complementarity, and a 
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second step of fine tuning of the positions of the two proteins through hydrophobic 

interactions, which are required to optimise the geometry and allow the fast transition 

of the electron [60-62, 69]. 

 

1.2.2 Supramolecular systems designed for the light harvesting and the 

electron transfer processes 

The exact architecture of prosthetic groups involved in the light harvesting and in 

the electron transfers in natural systems is too complicated to be replicated in artificial 

devices. However, considering the interesting properties of weak interactions in the 

formation of complexes that are able to self assemble, supramolecular chemistry 

appears to be the better choice to design an efficient system for the electron transfer.  

A supramolecular system can be designed in such a way to favour an electron 

transfer process. In particular, the understanding of the mechanisms and the energies 

involved in such a reaction is required to control the direction followed by the system 

during relaxation. The challenge is to transfer the electron/hole to another part of the 

supramolecule along a specific direction, controlling a series of short live excited states 

by changing the experimental conditions [94, 95].  

The electron can be transferred through different mechanisms, such as direct 

exchange between the acceptor and the donor, hopping mechanisms in stepwise 

processes or tunnelling effects [95, 96]. Possible mechanisms, reviewed by Marcus 

and Sutin [97], are determined by the relation between the free energy change 

involved in the electron transfer and the reorganization energy, i.e. the energy required 

for the structural reorganization of donor, acceptor and their solvation spheres [96]. If 

the energy gain of the former is greater than the latter, the transfer of an electron or a 

hole is allowed though the virtual (LUMO) or the occupied (HOMO) orbitals of the 

system, in a super-exchange process [95, 97]. In this kind of reactions, the rate 

increases increasing the free energy jump between the initial and the final state [96]. 

An electron transfer can also occur through a sequential mechanism, involving a series 

of groups spatially arranged between the donor and the acceptor. In this hopping 

mechanism, only short range processes are required, but the final result is a long 

range electron transfer, whose rate is strongly dependent on the nature of the bridging 

system between the redox partners [95]. Finally, tunnelling mechanisms are allowed 

even if the free energy change of the electron transfer is lower than the energy 

required for the rearrangement. In this case, also known as belonging to the Marcus 

inverted region, the transfer is independent from temperature, but it is observable only 

at low temperatures, when other mechanisms are hampered. Considering a system in 

which there is a high potential energy barrier between the initial state and final one, the 
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electron can tunnel through this barrier if the energy of the two states is the same. 

Temperature does not affect the Hamiltonian exchange term and a temperature 

independent rate constant can be recognized for electron tunnelling processes.  

On the basis of these mechanisms, the design of nanodevices able to perform 

electron transfer reactions in a controllable way has been achieved using various types 

of donors, acceptors and bridging groups [94, 95]. An example of these kind of devices 

was obtained using as a donor group a ruthenium (II) bipyridine complex, that can be 

activated by visible light [94]. Porphyrins and fullerene were also employed in the 

synthesis of coupled systems capable of a multi-step electron transfer promoted from a 

light excitation [98-101]. A zinc porphyrin and a fullerene C60 were covalently linked 

together and to this molecule a ferrocene moiety was added, thus allowing a longer 

range electron transfer. The characteristics of this electron transfer system, such as 

the lifetime of the charge separated state, can be easily modulated by variation of the 

subunits. The addition of further moieties suitably selected can increase the number of 

steps. However, this kind of multi step processes produces a significant loss of energy 

[96] and, thus, simpler systems consisting of a donor and an acceptor, but allowing a 

charge separated state with a longer lifetime, are normally preferred. In these cases, 

the charge separation is fast, but the relaxation process occurs in a longer time with a 

small energy loss. An example of this kind of complexes was obtained using the 

properties of the acridinium ion and a non covalent, π-π interaction with a free base 

porphyrin [102].  

In many cases, the process is activated by the light of a particular wavelength [103-

106]. In particular, ruthenium chromophoric complexes have been used both as donor 

systems and as acceptors, due to the possibility of a selective excitation, dependent on 

their substituents [104, 105]. In this series of complexes electron transfer was obtained 

also when the two redox units were parted by a spacer. The kinetics of the reaction is 

dependent on the nature of the linker and a faster reactivity was observed for aromatic 

groups, due to the lower energy of their LUMO molecular orbitals. Good results have 

been achieved with hetero-bimetallic systems, based on the redox couple Ru/Os, using 

naphthalene units as spacers [107, 108].  

Moreover, the clever introduction of additional functionalities, usually in the linker 

moiety, allows the switching on and off on the device [94, 95]. This kind of systems are 

usually termed as plug-socket systems, due to the possibility to connect and 

disconnect the functional groups and, thus, to allow the electrons to flow or not [94]. A 

technique to achieve this result is to design systems that are able to self assemble to a 

useful configuration which enables the electron transfer. This method is very similar to 

that observed in enzymes, but has also been usefully applied in synthetic complexes 

[109]. Another way to obtain a system that can be switching on and off is when a 
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conformational change of a mobile group is required to allow the process to happen, 

changing the conjugation properties of the system [110].  

An interesting device, constituted of a rotaxane that is switched on by the light 

absorption and off by a reducing agent, has been developed by the research group of 

Professor Balzani [111]. The macrocyclic component of such a rotaxane is able to 

shuttle between two positions, according to the oxidation state of a metal ion 

interacting both with the macrocycle and with the linear part of the rotaxane, in two 

different coordination sites (Figure 1.7). In particular, the addition of p-

nitrobenzylbromide and the irradiation with a light of the wavelength of 464 nm results 

in a change of the oxidation state of the copper ion tetracoordinated to the macrocycle 

at the first site. The photooxidation generates a metal-to-ligand electron-transfer 

excited state. The electron transfer between the excited rotaxane and the p-

nitrobenzylbromide is the next step. The presence of this additive allows the back 

transfer from the rotaxane to the copper to be negligible. The copper (II) obtained in 

such a way prefers pentacoordinated geometry in the second site and, thus, it shuttles 

to the latter. The addition of a reducing agent, such as ascorbic acid, causes the 

copper to be reduced and to shuttle back to the first position with the macrocycle ring. 

Recently, even more complex systems have been obtained using the shuttling 

equilibriums in rotaxanes [112].  
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Figure 1.7: The light-fuelled device obtained by Professor Balzani and co-workers using a 

rotaxane system [94]. 
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1.2.2.1 Porphyrin based systems  

In the quest of building blocks for the construction of systems able to harvest the 

light and change it in chemical energy, porphyrins are very attractive for their particular 

features. The high stability and the rigid, planar geometries make them easy to 

manipulate. Their spectroscopic properties, such as the intense electronic absorption 

bands in the visible region and the relatively long fluorescence decay time, fit well 

those required for a good antenna system. Moreover, through metallation and 

functionalization, optical and redox properties can be easily tuned in the construction of 

supramolecular assemblies [26]. In particular, the nature and the oxidation state of the 

metal open new possibilities for a fine-tuning of the complexation properties of the 

porphyrin, both if such ion acts as a electron acceptor and if it has a structural function. 

Finally, a variety of synthetic strategies are available basing on non covalent 

interactions.  

Many examples of devices containing porphyrins as functional groups are reported 

in literature, particularly using pyridylporphyrins, i.e. porphyrins substituted with pyridyl 

moieties at the meso positions. These substituents allow the coordination of porphyrin 

building blocks to metal centres, a simple and useful synthetic strategy to produce 

side-to-face arrays [24, 25, 113-117]. An interesting feature of such multichromophore 

system is that the spectroscopic properties of single units do not change significantly 

and the spectrum obtained for the complex is simply the sum of the spectra of the 

building blocks. This additive behaviour denotes the supramolecular nature of the 

adduct, that does not display a strong interaction between its components [26]. 

An example of supramolecular assembly acting as a light harvesting system has 

been obtained using a bis-pyridyl perylene-bisimide (PBI) unit as bridging ligand 

between two ruthenium porphyrins (Figure 1.8) [118]. This assembly shows a 

wavelength dependent behaviour, in a small range of wavelengths, changing from an 

electron transfer process to an energy transfer.  

The irradiation of this sandwich complex with a wavelength of 585 nm, suitable for 

the selective excitation of the PBI unit, results in a complete quenching of the strong 

fluorescence band of PBI (emission maximum wavelength: 620 nm). Spectroscopic 

experiments using laser pulsed techniques allow the elucidation of the mechanism of 

such quenching. Actually, in a shorter time than 50 ps, the rise of the typical absorption 

band of the PBI radical anion was observed, while in the following 1000 ps this band 

disappears. A schematic representation of this electron tansfer process is given in 

Figure 1.8. After a 585 nm light excitation, the charge recombination is quantitatively 

obtained in 270 ps. A different behaviour has been obtained after irradiation of the 

system with a 530 nm wavelength, which is absorbed in a 62% rate by the ruthenium 
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centre. In this case, an energy transfer from the metal centre, the first absorber, to the 

PBI moiety was observed. The decay of the excited state of the latter occurs 9.8 µs. 

[118]. 
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Figure 1.8: Schematic representation of the sandwich complex of a bis-pyridyl perylene-

bisimide (PBI) unit and two ruthenium porphyrins, showing the different behaviour following 
excitation with 585 nm light (electron transfer process) and with 530 nm light (energy transfer 

process). 

 

Interesting results have been also obtained in the synthesis of multiarrays of 

porphyrins, that can be applied for the construction of artificial light harvesting 

antennas [34]. The design of such systems reminds the natural chlorophyll based 

antennas, but using porphyrins which are easier to handle and to functionalise than 

chlorophylls. An example of this kind of structures is represented in Figure 1.9a [119]. 

This complex contains a ferrocene moiety, a trimer of porphyrins linked through their 

meso positions and a fullerene C60 moiety (Fc–(ZnP)3–C60). The irradiation of a 

benzonitrile solution of this compound results in the excitation of the trimer, followed by 

an electron transfer process from this excited state to the fullerene, the acceptor unit. 

The Fc–(ZnP)3
•+–C60

•- charge separated state undergoes two possible mechanisms, a 

back transfer between the porphyrin trimer and the fullerene or another electron 

transfer from the ferrocene to the porphyrin units, to gain the charge separated final 

state Fc•+–(ZnP)3–C60
•-. With analogous compounds with shorter porphyrin units, the 

former was preferred with respect to the latter, while in the pentad the charge 

recombination is slower than the electron transfer process between the ferrocene and 

the porphyrin trimer. In 2,5-dimethylfurane at 163 K, in a frozen environment that 
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prevents the diffusional intermolecular electron transfer, the Fc•+–(ZnP)3–C60
•- state 

decays with a first order kinetics with a lifetime of 0.53 s, while in benzonitrile a 

quantum yield of 83% was reported. The lifetime value is similar to those observed in 

natural systems [119]. 

Molecular photovoltaic devices, based on meso,meso-linked porphyrins linked to 

indium tin oxide (ITO) electrodes, have also been reported (Figure 1.9b) [120]. The 

monolayer of self assembled porphyrins has been shown to be an interesting building 

block for the construction of organic solar cells, thanks to their light harvesting 

properties. Through the functionalisation with suitable groups, metal nanoclusters have 

been synthesized with porphyrins on the surface [34]. Such systems have improved 

the light-harvesting properties of the porphyrins, avoiding the energy transfer due to 

the interaction with the metal. Moreover, the introduction of electron acceptors, such as 

viologens and fullerenes, has been achieved thanks to a molecular recognition process 

in the clefts between the porphyrins. These systems exhibit photocatalytic or 

photovoltaic properties and, hence, have been assembled on semiconductor 

electrodes, obtaining a power conversion of 1%. This value is much lower than those 

of inorganic solar cells, but the development of similar systems is promising. 

 

3 

(a) 

(b) 

 

Figure 1.9: (a) The ferrocene-meso,meso-linked porphyrin trimer-C60 pentad (Fc – (ZnP)3 – 

C60) obtained by Imahori and co-workers [119]. (b) Schematic representation of a photoinduced 

electron transfer process at the ITO electrode functionalised with meso,meso-linked porphyrin 

oligomers [120]. 
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The planar porphyrin molecules exhibit strong tendency to aggregate among 

themselves in solution forming stacking interactions. For this reason, discrete 

porphyrins supramolecular systems are easily obtainable only using strong directional 

connections as covalent or coordination bonds. Recently, new supramolecular 

assemblies of few stacked porphyrins have been obtained using electrostatic 

interactions and the template effect of an octa-anionic calixarene (5,11,17,23-

tetrasulfonato-25,26,27,28-tetrakis(hydroxycarbonylmethoxy)calix[4]arene (in a cone 

conformation) (Figure 1.10) [8, 121, 122]. In aqueous solution, different discrete 

complexes have been obtained using a meso-tetrakis(N-methyl-4-pyridyl)porphyrin by 

changing the pH, so that a variation of the protonation state of the carboxylic groups on 

the lower rims of the cavitands can be achieved. Thus, the stoichiometry of the final 

aggregate can be easily tuned. Spectroscopic analysis revealed that the formation of 

the complexes is followed by a variation of the fluorescence emission of the porphyrin.  

 

(a) (b) 

Figure 1.10: Crystal structures for the complexes of calixarenes and porphyrins, obtained by 

Purrello and co-workers at pH 2 (a) and at pH 6 (b). The calixarene molecules interacting with 

the central porphyrin  above and below the figure plane have been omitted for clarity. 

 

The crystal structures of these complexes, obtained from solutions at pH 2, 6 and 

8.2, confirm the variation of the stoichiometry depending on the protonation state of the 

calixarenes [8, 121]. Actually, at pH 2, the complex is formed by four calixarenes 

surrounding a central porphyrin, with other two porphyrins stacked above and below 

the mean plane of the central one, thus forming a 4:3 calixarene:porphyrins unit 

(Figure 1.10a). At pH 6, the further porphyrins are piled above and below the mean 

plane on the central one, giving a 4:5 complex (Figure 1.10b). Both complexes can be 

viewed as formed by a central core of one porphyrin whose N-methyl pyridyl groups 

are hosted in the cavity of the calixarenes. Depending on the pH of the solution a 

different number of porphyrins is piled. These structures are one of the first examples 

of discrete piles of porphyrins obtained by a non covalent synthetic approach. On the 

contrary, at pH 8.2 a supramolecular polymer has been obtained, since 4:3 units, 

similar to those observed at pH 2, are piled through a stacking interaction between 

their external porphyrins. 

Similar results were obtained using metal containing porphyrins [121, 122]. The 

presence of a metal centre does not affect the resulting structure of the complex, that 
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is very similar to those obtained using the free base porphyrin. The tunability of the 

stoichiometry has suggested the possibility to obtain an ordered assembly of 

porphyrins, through subsequent additions of porphyrins containing different metal ions. 

Actually, the formation of such piles has been proven in solution, gaining a final 

complex formed by a central free base porphyrin surrounded by gold, copper and zinc 

porphyrins [121]. 

 

1.2.2.2 Ruthenium based systems 

One of the most interesting features of natural complexes involved in 

photosynthesis is their ability to perform a multi electron reduction, as happens in the 

photodriven spitting of water into hydrogen and oxygen: 

2 H2O    2 H2 + O2   ∆G = 4.92 eV/mol [37]. 

This reaction is very attractive for the development of green chemistry processes, 

since water is a reagent readily available, non toxic and cheap. Moreover, hydrogen is 

able to store more energy than the traditional carbon based fuels and avoids the 

environmental problems caused by the latter. Thus, the coupling of such a reaction 

with a system capable to harvest the solar light, in particular in the visible range of 

wavelengths, in a charge separation stable state would be of great interest in the quest 

for new environmental friendly energy sources. 

In order to both study the structure and function of the Oxygen Evolving Centre 

(OEC), that in natural systems is involved in water oxidation with the evolvement of 

molecular oxygen, and design an artificial analogue, manganese complexes have been 

studied, but few of them are able to produce oxygen. In particular, a di-manganese 

complex containing two µ-oxo bridges and bipyridine ligands was presented in 1986 

[123] and a di-µ-oxo species is probably an intermediate in the catalytic mechanism of 

another manganese complex reported by Limburg and Brudvig [124].  

The use of ruthenium based systems as artificial analogues of the photosynthetic 

natural systems has been reported extensively [37, 125, 126]. In particular, the 

complex [Ru(bpy)3]
2+ (bpy=2,2’-bipyridine) and its analogues have an interesting 

activity both as one-electron reducing agent in presence of a sacrificial reductant and 

as one-electron oxidizing agent in presence of a sacrificial oxidant. Moreover, 

[(bpy)2(H2O)RuIII(µ-O)RuIII(H2O)(bpy)2]
4+and its derivatives have demonstrated their 

ability in water oxidation [39]. In 2002, two di-ruthenium complexes were reported to be 

able to catalyse two- and four-electron transfers, respectively (Figure 1.11) [127]. 

When irradiated with visible light, in presence of a sacrificial reducing agent, these 

complexes undergo sequential reduction of the bridging ligand, with a protonation of 

two and four sites of this moiety, respectively. The reduction is reversible and exposure 

to air regenerates the starting complexes [127]. The importance of these systems lies 
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in the possibility to use solar energy to store multiple reducing equivalents in a complex 

[37]. 

 

(a) 

(b) 

 

Figure 1.11: Schematic representation of the two- (a) and four-electrons (b) reduction 

processes involving di-ruthenium complexes obtained by Konduri et al. [127]. The redox 

reactions are activated by visible light and require a reducing agent (SR). 

 

Another di-nuclear ruthenium complex was used for the epoxidation of alkenes, 

starting from molecular oxygen [128]. The complex is constituted of a polyoxometalate 

skeleton and the mechanism of the catalysis requires the activation of the oxygen 

molecule on the ruthenium atoms, that takes some hours before the epoxidation of the 

organic molecule starts. The formation of a ruthenium-oxygen intermediate was proven 

on the basis of kinetic studies. Moreover, molecular modelling studies show that the 

ruthenium atoms are located in a hindered pocket of the polyoxometalate. This position 

prevents the formation of an inactive µ-oxo dimer, while favours a µ-peroxo highly 

reactive species. Electron Spin Resonance (ESR) studies showed that the 

intermediate is a diamagnetic species (RuIV=O or O=RuVI=O) or a coupled 

paramagnetic species. 

Various mono-, di- and tri-ruthenium species were reported to catalyse water 

oxidation [39, 129]. However, the comparison between these species shows that multi-

nuclear complexes should be preferred for the design of an efficient water catalyst, 

thanks to their ability to carry up to four delocalised oxidizing equivalents. Moreover, 

the comparison between di-nuclear complexes having different coordination spheres 

shows that the presence of a coordinated water molecule for each ruthenium ion and 

the presence of a µ-oxo bridge enhance significatively the catalytic activity. Thus, the 

structural requirement for an efficient water oxidation catalyst seems to include the 

presence of a (H2O)Ru(µ-O)Ru(OH2) core [130]. Actually, systems with such a 

structure are able to reach high oxidation states in aqueous solution and this propriety 

has to be ascribed to the possible deprotonation of the coordinated water molecules 

during the oxidation [130]. Therefore, the electrostatic charge of the complex is 

reduced.  
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1.3 Supramolecular receptors 

In the last two decades, an amazing number of synthetic receptors for recognition 

and binding of molecules through non-covalent interactions has been designed and 

prepared. The application of these systems spans form the field of environmental 

chemistry to the monitoring of industrial processes. A sensoring device allows the real 

time determination of the presence of a specific target molecule. Chemical sensoring is 

a complex process that can be divided in two steps, the recognition of the target 

molecule that generates a signal, and the amplification of such signal. Recognition is 

performed by a material that is capable to interact with the target analyte, while the 

transduction of the signal is a role usually assigned to the support on which the 

material is coated [131-133]. 

Both an absolute and a partially selectivity can be required for the practical 

applications of sensors. For example, the exact recognition of a specific toxin molecule 

is the goal of an absolute sensor, while to recognize more complex mixtures, such as 

odours, the recognition of a class of similar moieties is the goal of a partially selective 

receptor. 

 

1.3.1 Sensoring devices 

To obtain a functional device, the sensing material has to be coupled to a suitable 

transducer, that can be either electrochemical or optical or piezoelectric [133]. For 

example, the quartz crystal microbalance is a piezoelectric device based on the 

variation of the fundamental resonance frequency of a oscillating quartz disk, as a 

result of the variation of the mass on the sensor surface [131, 132]. This response is 

coupled with a coating of receptor molecules, so that in presence of the target 

molecule the complexation process happens and the mass on the quartz crystal varies 

proportionally with the number of molecules that are bound on the surface (Figure 

1.12). To design an efficient sensoring device, the coating material has to be stable, 

sensitive and selective towards the target molecule. Usually, to obtain a uniform and 

stable coating on the transducer, the deposition techniques require the introduction of 

functional groups on the skeleton of the receptor [132]. Moreover, the reversibility of 

the response is required to allow the regeneration of the sensor. Thus, non covalent 

interactions appear to be more suitable for the design of such systems with respect to 

the stronger covalent or ionic interactions [131, 132]. 
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Figure 1.12: Schematic representation of a Quartz Crystal Microbalance (QCM). In the inset a 

typical response due to the recognition of a specific target is shown. The graphic reports the 
variation of the fundamental resonance frequency against the time. After the delay time, that 

allows the stabilization of the device, the diffusion of the target molecule results in a fast 

response on the QCM.  

 

 

1.3.2 Molecular recognition for the design of chemical sensors 

The design of efficient systems takes advantages from the study of non-covalent 

interactions from a chemical-physical point of view, as well as from the analysis of 

biological receptors, that have inspired many synthetic approaches. To gain the 

required selectivity of the binding, a suitable complementarity both in shape and in 

interactions, such as H-bonds, electrostatic interactions and π-π stacking interactions, 

are required. Despite the fact that many studies have been conducted in solution [134, 

135], practical application of supramolecular receptors, such as chromatographic 

applications or sensing devices, are applied at the gas-solid or liquid-solid interfaces.  

Among the most used features for the design of synthetic receptors, cavitands, 

synthetic organic compounds with rigid cavities, are extremely interesting and versatile 

[136-140]. Actually, the pre-organization of the binding sites of these molecules is an 

additional contribution to the selective formation of the host-guest complex. From a 

statistical point of view, the pre-organization of the cavity having a specific pattern of 

functional groups enhances the probability of host-guest complexation increasing the 

number of interacting groups with the correct complementary orientation. From a 

thermodynamic point of view, the presence of a rigid cavity reduces the degrees of 

freedom of the receptor in the uncomplexed form, hence, the entropic difference 

between the free receptor and the complex. 
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In particular, complexation of recorcarene-based cavitands, having phosphonato 

groups on the upper rim, have been extensively studied [141, 142]. Phosphonate 

resorcinarenic cavitands are able to host both cationic and neutral guests, as reported 

in many studies [131, 140, 143-145]. In Scheme 1.2, a monophosphonato 

resorcinarenic cavitand is represented, having the P=O group pointing inward with 

respect to the cavity. Complexation experiments were carried out using various types 

of neutral guests, but the best results were obtained using short chain alcohols (C1 - 

C5) [145, 146]. The Figure 1.13 shows the selectivity pattern of mono- and di-

phosphonato cavitands towards ethanol, hexane, ethyl acetate and methyl ethyl ketone 

(MEK). The responses of a reference polymer (polyepichlorohydrin, PECH) were 

reported for a comparison. For the analysis, the Quartz Crystal Microbalance technique 

was used. 
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Scheme 1.2 

 

 
Figure 1.13: Selectivity pattern of mono- and di-phosphonato bridged cavitands towards 

different classes of analytes. The responses of PECH were reported for comparison. 
 

The main interactions responsible of this selectivity are the H-bond, between the 

P=O groups of the host and a donor groups that should be present in the guest, the 

electrostatic interactions, involving the same P=O groups in the case of cationic 

guests, and the hydrophobic interactions with the aromatic cavity. However, also non 

specific interactions should be taken into account for an efficient design of receptors.  
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Since the useful form of this kind of cavitands as receptors is only the isomer with 

the P=O groups pointing inward in the cavity, the most common approach to the 

synthesis of such systems consists in using a template molecule, usually an 

ammonium cation, that allows the formation of the correct isomer with high yield [131, 

143]. In fact, in the other isomers the cavity has a steric hindrance, thus hampering the 

formation of the host-guest complex. The reduction of the selectivity of the cavitand 

while increasing the number of P=O groups direct outwards with respect to the cavity 

was reported considering a tetra-phosphonato bridged resorcinarene, with aromatic 

groups bound to the phosphorous atoms [140, 141].  

Studies about tetraphosphonato bridged cavitands have been conducted in solution 

and in gas phases, showing that the behaviour in the latter state cannot be inferred by 

the former results, since in solution the solvent molecules can compete with the 

desired guest to occupy the site of the host. In particular, mass spectrometry studies 

have been performed to characterize the isolated interaction between host and guest 

molecules, avoiding interferences from other species [147]. Results of this study shows 

that the driving force for the formation of the complex is the H-bonding interaction. 

Moreover, using this technique, the influence of the variation of the number and 

position of the phosphonato groups was evaluated (Figure 1.14).  

 

(a) 

(b) 

Mi[C11H23,H,Ph] 

Mi[C11H23,H,Ph] 

ABii[C11H23,H,Ph] 

Tiiii[C11H23,H,Ph] 

Tiiii[C11H23,H,Ph] 

ABii[C11H23,H,Ph] 

ABii[C11H23,H,Ph] 

 

Figure 1.14: (a) Competition experiments to evaluate the affinity towards ethanol of a mono-

phosphonato bridged cavitand (Mi[C11H23,H,Ph]), a di-phosphonato bridged cavitand 

(ABii[C11H23,H,Ph]) and a tetra-phosphonato bridged cavitand (Tiiii[C11H23,H,Ph]), followed by 
Electron Spray Ionization- Mass Spectrometry (ESI-MS). (b) ESI-MS dissociation experiments 

on complexes of the same cavitands and ethanol [147]. 
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The strength of the binding of the guest to the receptor depends on the number and 

orientation of the phosphonato groups, i.e. on the number of cooperative H-bonding 

interaction that the receptor can form, and on the nature of the guest, i.e. the proton 

affinity of the donor group forming an H-bonding with the phosphonato groups. These 

results clearly show a synergistic behaviour of the receptor, since increasing the 

number of P=O group that can form an H-bonding interaction results in an increase of 

the affinity of the receptor for its guest (Figure 1.14). The presence of P=O groups 

pointing outwards and, thus, of substituent groups on the phosphorous atoms pointing 

inwards the cavity hampers the formation of the selective bond, even when only one 

P=O group has such orientation. Actually, the presence of a phenyl group direct 

towards the cavity switches off completely the response of the sensing receptor. 

Another technique very useful to study cavitand selectivity and complexation 

properties is X-ray crystallography [145, 146]. Crystal structures of host-guest 

complexes help understanding the binding mode and allow a rational design of more 

efficient receptors. For example, crystal structures of the i isomers, i.e. the isomers 

having the P=O group pointing inwards in the cavity, of a mono-phosphonato bridged 

and a di-phosphonato bridged resorcin[4]arene with their alcoholic guests [145, 146] 

revealed that a specific H-bond interaction of the hydroxyl group of the alcohol and a 

P=O moiety of the cavitand and a CH-π interaction between the terminal methyl group 

of the calixarene and the aromatic walls of the cavity are responsible of the selective 

complexation. In particular, as regards the geometry of the hydrogen bond, the X-ray 

diffraction technique allowed to infer the absence of a three-centre hydrogen bond 

(Figure 1.15). Actually, the contribution to the binding energy given by the further P=O 

group, as seen in the gas phase, arises from the increasing in the entropy of the final 

state, due to the alternative binding mode introduced by this additional moiety.  

 

 

Figure 1.15: X-ray crystal structure of the complex of a di-phosphonato bridged cavitand with 

methanol. The model clearly shows the formation of a specific hydrogen bond interaction 

between the hydroxyl group of the alcoholic guest and a P=O moiety of the cavitand [146]. 

 

Thiophosphonato cavitands have been synthesized as well and their complexation 

properties have been tested on metal ions with a soft acid nature, as Hg2+ [148]. 

Sensing experiments with thiophosphonato cavitands display a drastic reduction in 
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their complexation affinity towards alcoholic and ammonium guests with respect to 

phosphonato analogues [10, 142]. 

 

1.3.3 Functional materials based on non covalent interactions 

The specific and tuneable interactions involved in cavitand recognition properties 

towards guest molecules have been recently used also in order to synthesize a 

supramolecular polymeric system. Even though non covalent interactions are 

responsible for many of the properties of traditional covalent polymers, the term 

supramolecular polymer is strictly referred to materials in which monomers are held 

together by non covalent interactions. In particular, the definition proposed by the 

research group of Professor Meijer [149] includes in the class of supramolecular 

polymers all the systems in which molecular monomers are held together by non 

covalent, reversible and directional interactions. In recent years, many examples of the 

programmed formation of supramolecular polymers through a design of the functional 

groups of monomers have been reported [149-153]. These systems are very promising 

in the request for new materials that couple the properties of polymeric structures with 

the interesting features deriving from the reversible character of the interactions driving 

the polymerisation [149], as the possibility to switch on and off the polymerisation 

changes the degree of polymerisation according to external stimuli. These polymeric 

entities, whose monomeric components are linked through reversible connections and 

have therefore the capacity to modify their constitution by exchange and reshuffling of 

their components, are dynamic materials. This suggested the definition of the new term 

Dynamers to identify the properties of these dynamic polymers [154]. 

Supramolecular polymers can be formed either by a single monomeric species that 

raises two complementary functions (homopolymerisation), or through the interaction 

of two or more different kind of monomers (heteropolymerisation). The degree of 

polymerisation is determined by the strength of the interaction between the functional 

groups at the end of the bifunctional monomers. Moreover, it is dependent on the 

concentration of the monomers in solution. Thus, high molecular weight species can be 

obtained if the interaction between the monomers is ruled by affinity constant with high 

values. The reversibility of the interactions allows the fine tuning of the chain length 

through the introduction in the reaction mixture of monofunctional molecules that can 

act as stoppers of the polymer growth. Yet, it also has a negative consequence in the 

sensibility of such systems to the presence of impurities. Moreover, the particular 

character of non covalent interactions in supramolecular polymers can lead to a strong 

temperature dependence of the aggregate [149]. 

According to the previous definition of supramolecular polymers, the interactions 

between the monomers should be directional and strong enough to allow the 
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observation and the preservation of the polymeric structure in defined conditions. The 

most attractive non covalent interaction that displays the required directionality is the 

hydrogen bonding interaction, wildly used in natural supramolecular systems. Among 

of the most interesting examples of supramolecular polymers based on H-bond 

interactions, two different systems were reported by Lehn and co-workers [151]. These 

supramolecular assemblies are based on building block displaying two complementary 

patterns of hydrogen bond donor and acceptor groups at each end (Figure 1.16), but, 

as a result of the structural differences between the building block, each of them has 

specific properties. Actually, the rational design of building block allows the choice of 

the properties of the polymer, with a low influence on the polymer formation. 

(a) 

(b) 

 

Figure 1.16: Supramolecular polymers reported by Lehn in 1990, based on hydrogen bond 

donor and acceptor groups [151]. The chiral (a) or aromatic (b) monomers have a donor-

acceptor-donor pattern at one end and a acceptor-donor-donor pattern at the other, thus 

forming a specific interaction. 

 

Another example of supramolecular polymer based on hydrogen bonding 

interaction, but involving functionalised cavitands as monomers was reported by Rebek 

and co-workers [152, 153, 155] (Figure 1.17). The monomers have a calix[4]arene 

based structure, with aryl urea or sulfonyl urea groups on the upper rim. The formation 

of polyemeric forms was proven by NMR techniques and by guest incapsulation [155]. 

The interaction mode between the monomers is based both on the complementarity 

between hydrogen bonding patterns and on the presence of guest molecules that can 

be easily introduced in the cavity.  
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(a) (b) 

(c) 

 

Figure 1.17: (a) Schematic representation of the monomers that form the supramolecular 

polymers described by Rebek and co-workers [155]. (b) Interaction mode of the monomers to 

form the chain of Rebek’s polymer, represented in (c). 
 

Other non covalent interactions can be used in the rational design of 

supramolecular polymers, such as metal coordination [156]. In particular, metal 

coordination has been extensively used due to the various geometries accessible 

through this kind of interaction. However, the supramolecular polymers based on metal 

coordination are rarely soluble, whereas form solid compounds. Moreover, the soluble 

ones display the typical properties of polymers based on covalent interactions, but a 

low dynamism with respect to supramolecular polymers based on different interactions 

[149]. Actually, the metal coordination bonds usually applied to build such systems are 

barely reversible. 
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1.4 Objectives of the present project 

Non covalent interactions play a key role in many biological processes, due to their 

mentioned interesting qualities, such as reversibility of the binding and self-checking 

capability. The comprehension of the rules governing the molecular recognition, both in 

natural systems and in synthetic supramolecular assemblies, is of fundamental 

importance in order to design new compounds. In particular, the study of interactions 

involved in the recognition between two biological molecule is the first step for a 

rational design of molecules that can interfere with natural processes, such as 

inhibitors or enhancers of a specific functionality. Moreover, the great efficiency of 

some reaction catalysed by biomolecules can be used as a model for artificial systems 

that carry out similar processes.  

Various techniques, such as thermodynamic and kinetic studies in solution, have 

been applied to determine the chemical-physical properties of supramolecular 

systems. Within the experimental techniques used for characterization of the 

supramolecular systems, the X-ray crystallography is particularly powerful because it 

has the possibility to identify precisely the interactions involved and the functional 

groups responsible of the molecular recognition, thus adding an important clue to the 

understanding of the reasons of selectivity and specificity observed in these systems.  

The mitochondrial electron transport pathway shows one of the most amazing 

efficiency in exploiting the energy stored in chemical bonds through the oxidation of 

metabolites. Many proteins are involved in the stepwise exchange of electrons 

between carriers with decreasing electrostatic potentials. Mitochondrial cytochrome c is 

one of these carriers and interactions with its redox partners seem be regulated by 

conformational changes related to the oxidation state of the iron ion [91, 93]. However, 

crystallographic studies on both oxidized and reduced forms of cytochromes c and of 

evolutionary related bacterial cytochromes c2 underlined that there are only small 

changes in the structure of the proteins, mainly regarding the core of the protein and 

few side chains of residues located on the surface [54, 157-159]. Considering that not 

only conformational but also electrostatic changes on the protein surface are involved 

in molecular recognition of these supramolecular systems, the investigation of 

differences in the distribution of electrostatic charges on the surfaces of the two redox 

forms of cytochrome c is particularly important. This study will be conducted by 

biocrystallographic techniques on both reduced and oxidized form of cytochrome c 

complexed with nitrate ionic probe. The small dimensions of this inorganic anion and 

the consequent high charge density can be useful to point out the main positively 

charged regions of the two ferri and ferro-cytochrome c surfaces. The aim of the 
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following study is to contribute to understand the mechanism of molecular recognition 

present in the electron transfer pathway.  

Another amazing biological process that chemists and physics have tried to 

replicate in synthetic assemblies for a log time is the photosynthetic pathway, through 

which the solar energy is harvested and stored in chemical bonds. Porphyrins, 

molecules that have similar properties with respect to the chlorophylls used by 

photosynthetic organisms, have been regarded as very promising systems for the 

harvesting of light. Their high stability, the rigid, planar geometries, their spectroscopic 

properties fit well the characteristics required for a good antenna system. The easy 

tuning of optical and redox properties through metallation and functionalization and the 

variety of synthetic strategies available for the construction of supramolecular 

assemblies using porphyrins are other important reasons that have boosted the 

research in this field. Thus, it appears particularly interesting the systems [8, 121, 122] 

that display non covalent aggregation of porphyrins through staking interactions, 

forming a discrete pile, with the aid of calixarenes as templates. The tunability of the 

stoichiometry of the assemblies with the pH of the solution adds the possibility of an 

external control, which is very important in order to design devices that mimic the 

photosynthetic pathways of natural systems. In the present work, cavitand-porphyrins 

assemblies will be systematically studied through crystallographic techniques, in order 

to obtain new supramolecular materials based on synergistic non-covalent interactions.  

The oxidation of water that allows oxygen and hydrogen to evolve is a reaction very 

attractive in the quest for new environmental friendly energy sources. Actually, water is 

a readily available, non toxic and cheap source, ideal for the development of green 

chemistry processes, while hydrogen, obtained by this reaction, is able to store more 

energy than the traditional carbon based fuels and avoids the environmental problems 

that are caused by the latter.  Moreover, the coupling of this reaction with a system that 

is able to harvest and exploit light energy would be a great method to use the most 

abundant renewable energy source, the solar light. Some multinuclear ruthenium 

complexes display the ability to host four oxidation equivalents, similarly to the 

manganese tetranuclear cluster found in the natural Oxygen Evolving Centre (OEC). 

Thus, ruthenium based assemblies have been extensively studied in order to obtain 

electron transport efficiency in the oxido-reduction reaction similar to that of natural 

systems. In the present work, a new tetranuclear ruthenium complex, able to catalyse 

the water oxidation reaction using cerium (IV) as oxidising agent, will be studied from a 

structural point of view, adding a clue to understand the high turnover number obtained 

in this catalytic process.    

Molecular recognition based on non covalent interactions can be also applied in the 

design of sensoring devices, able to recognise a single molecule or a set of related 
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molecules in a reversible way. Actually, considering that specificity, sensitivity and 

reversibility of the interaction are properties required for an efficient receptor, the 

careful analysis of non covalent interactions and of their complementarity, both in kind 

and shape, is a way for exploiting their qualities in the design of a useful sensoring 

system. Receptors based on cavitand moieties have been considered in various 

studies, using solution, gas phase and solid-gas interface techniques. The aim of the 

present thesis is to elucidate the binding mode of a particular cavitand synthesized by 

the research group of Professor Dalcanale, in order to understand the features that 

lead to the selectivity of this receptor towards alcoholic guests. Even though possible 

applications require the molecular recognition to happen at a solid-gas or liquid-gas 

interface, the solid state study by X-ray diffraction of this system is important to 

characterize the structure of the host-guest complexes formed in the process. 

Moreover, X-ray crystallography will be use in order to evaluate the relative affinity of 

the receptor towards different guests, through a series of co-crystallization experiments 

in which two alcohols compete for the same cavity site.  

Complexation properties of cavitands will be evaluated also in order to design a 

new supramolecular polymer based on electrostatic and hydrophobic interactions, thus 

extending the application of this class of compounds to materials science. 

Supramolecular polymers are very attractive systems, since they display both the 

properties of traditional covalent polymers and the responsiveness to external stimuli 

deriving from the reversible character of their interactions. The examples of this new 

kind of compounds previously reported are mainly based on hydrogen bonding 

interactions, while the host-guest complexation based on electrostatic complementarity 

has not been extensively exploited in the synthesis of such monomers, yet. In the 

present thesis, the analysis of molecular interactions between cavitand moieties and 

suitable guests will be performed in order to explore possible bifunctional monomers 

that can raise polymeric chains based on non covalent interactions.  
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2. Materials and Methods 

2.1 Experimental techniques 

2.1.1 Crystallization 

The success of a crystallographic experiment is mainly determined by the quality of 

the crystal used for the diffraction analysis. Thus, obtaining large and ordered crystals 

is the most important goal of a crystallization experiment. Growing crystals with 

dimensions suitable for a crystallographic experiment requires a careful choice of 

crystallization conditions, including concentration and homogeneity of the sample, 

concentration and nature of precipitants and additives (to control pH and ionic strength) 

and temperature. Moreover, a further problem in setting a crystallization experiment 

can be the conformational flexibility of the sample, which is particularly crucial for 

macromolecules.  

The crystallization process starts when the solution holds a concentration of the 

sample greater than the saturated solution, i.e. when the solution is in a metastable 

supersaturated state. The level of supersaturation is specified by the ratio between the 

actual concentration and the solubility value. For a hypothetical molecular system, it is 

possible to plot a phase diagram of the concentration of the sample against the 

concentration of the precipitant (Figure 2.1). Each point of the solubility curve defines a 

saturated state. As shown in the figure, starting from an unsaturated solution and 

increasing the concentration of either precipitant or sample, the supersaturation region 

is reached. The first supersaturation region, between the solubility curve (solid line in 

Figure 2.1) and the precipitation curve (dotted line in Figure 2.1), is defined as the 

metastable region where the system crystallizes only in presence of a crystallization 

nucleus, that can be either a small preformed crystal or a defect of the homogeneous 

solution (a particle of dust, small scratches of the holder, etc.). According to the 

thermodynamic of the system, these supersaturated states tend to change in order to 

reach stable states, but the process has a dramatically slow kinetics. For practical 

purposes, the nucleation can be considered a possible phenomenon only in the labile 

region. Thus, the crystallization experiment can be divided into two stages, nucleation 

and crystal growth. In particular, the experiment should be set to obtain a slow rate of 

nucleation, followed by a faster rate of growth. If the nucleation rate is too fast with 

respect to the growth rate, a large number of small crystals will appear in the 

crystallization batch, not allowing a good result in the diffraction experiment. For an 

optimal crystallization experiment, increasing the concentration of a precipitant in the 

sample solution, a condition close to the precipitation line (dotted line in Figure 2.1) 
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should be reached. Thus, when crystallization starts with the formation of the first few 

nuclei, decreasing the concentration of the sample, the system will reach the 

metastable region, in which nucleation process is negligible, but crystals grow. 
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Figure 2.1: Qualitative phase diagram for a molecular system. The plot shows the solubility as 

a function of both sample and precipitant concentrations. The solid line represents saturated 

systems and it is thermodynamically defined; the dotted line is not thermodynamically defined, 
but divides supersaturated metastable states, in which crystallization does not occur unless 

crystallization nuclei are already present, from labile states, in which nucleation has a 

considerable speed as well as crystal growth. 
 

Moreover, one of the main factors affecting the outcome of the crystallization 

experiment is the purity of the sample. Actually, contaminants present in the 

crystallization batch can affect the rate of growth of the crystal, interfering with the 

correct disposition of the molecules to form a regular 3-D array, or even influencing the 

solubility of the sample. Unfortunately, the solubility behaviour of a sample could not be 

determined theoretically and, therefore, it has to be found experimentally. 

Various techniques are applied for the crystallization of biological macromolecules 

as well as supramolecular systems. In particular, the diffusion of a precipitant solution, 

either in the liquid or in the vapour phase, allows the unsaturated solution to reach a 

supersaturated state, starting the crystallization process.  

 

2.1.1.1 Vapour diffusion method 

In vapour diffusion crystallization experiments, the sample solution is set against a 

precipitant solution and these two phases, together with the gas phase between them, 

are isolated from the external environment. The system is kept while reaching the 

equilibrium, which can occur either through evaporation of the precipitant solution and 

subsequent diffusion of its vapour in the crystallization solution, or by evaporation of 

the solvent from the crystallization solution, thus increasing the concentration of the 

sample. Among the most common vapour diffusion methods, the hanging drop and the 
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sitting drop methods are mainly used due to their easy set up and the opportunity of a 

large number of trials.  

The hanging drop method consists in the deposition of a crystallization drop (1 µL – 

10 µL) on a small coverslip. Afterwards, the coverslip is turned over a well, containing 

the precipitant solution, and the system is closed by sealing with grease the coverslip 

over the rim of the well (Figure 2.2a). Usually, the coverslip is made of optically clear 

vinyl plastic. But, if the crystallization solution contains other solvents, such as 

chloroform or dimethylsulfoxide (DMSO), the use of glass coverslips is required, after a 

siliconizing treatment to increase the hydrophobicity of the coverslip, so that the 

broadening of the drop is avoided. The well container is an ordered matrix in which two 

conditions can be modified gradually over the two dimensions. In particular, Linbro 

plates (Figure 2.2b), developed for tissue cultures, are frequently used as well 

containers. These labwares allow the simultaneous set up of 24 crystallization 

experiments that can be readily divided in 4 rows and 6 columns. This disposition, 

together with the fact that the plastic used is transparent to visible light, makes the 

results easy to interpret with the aid of a microscope. Usually, the crystallization drop is 

prepared mixing a defined volume of the sample solution with an equal volume of the 

precipitant solution contained in the well (reservoir solution). With the Linbro boxes 

used, a maximum of 1 mL of solution can be dispensed in each well. 

 (b) 

Reservoir 
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Figure 2.2: (a) Schematic representation of a hanging drop crystallization experiment; (b) a 

Linbro plate applied in the hanging drop experiments. 

 

If the solvent of the sample solution is not water, but a different liquid, with a lower 

surface tension, the application of the hanging drop technique is not allowed. 

Therefore, the sitting drop technique is used which is similar to the previously 

described method, but it consists in a crystallization drop lying on a microbridge. The 

drop-containing microbridge is placed in the reservoir-containing well and the system is 

isolated by a coverslip, sealed with grease (Figures 2.3a and 2.3b).  
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Figure 2.3: (a) Schematic representation of a sitting drop crystallization experiment; (b) a 

microbridge (to be introduced in wells of a Linbro plate) and (c) a 96 well plate applied in sitting 

drop experiments. 
 

For practical reasons, the sitting drop technique is also used when automation is 

applied to set up crystallization experiments. In this case, the volume of the drop can 

be lower and a greater number of experiments can be carried out with the same 

amount of compound. In this thesis, 96-well containing crystallization plates, with two 

compartments for the deposition of the crystallization drop for each well, have been 

used in the experiments carried out by the robot (Figure 2.3c). Due to the small 

dimensions of each trial, it is not convenient to close each well separately using 

coverslips and grease, therefore, an adhesive tape was stuck on the whole plate. 

These plates allow a maximum volume of 100 µL of reservoir solution for each trial. 

 

2.1.1.2 Microseeding 

Even with a great number of crystallization experiments, finding conditions for an 

optimal crystal growth is a hard job due to the number of parameters involved. As 

previously explained, such conditions should be very proximal to the precipitation 

curve, but sometimes it is difficult to control the kinetic nucleation process (Figure 2.1). 

In such a crystallization experiment, a method to accelerate the crystallization process 

and simultaneously improve the quality of the crystals is the introduction of some 

artificial nuclei. This technique is known as seeding. These nuclei introduced in the 

crystallization drop are usually small crystals of the same sample, grown in very high 

oversaturated conditions. The procedure is known as macro- or micro-seeding, 

depending on the dimensions of the nuclei.  

In the microseeding procedure, applied several times in this thesis, low quality 

crystals were grown in different crystallization conditions. At the same time, a drop was 

prepared using conditions with a lower level of supersaturation and set to equilibrate 

against its reservoir solution by the hanging drop method. The drop remained clear 

after several days, proving that the conditions were unsuitable for nucleation. Crystals 
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grown in the first experiments were crashed by a thin needle and, with the aid of a hair, 

a small number of these fragments were transferred in the clear drop. During the 

following weeks, the growth of the small crystals was monitored until the desired 

dimensions were obtained. 

 

2.1.1.3 Soaking 

Crystals of supramolecular species can be either obtained by co-crystallization of 

the building blocks, mixed together in the mother solution, or by diffusing one of them 

in the preformed crystal of the other. In the latter case the crystal should have large 

channels filled by solvent molecules, so that the diffusing molecule can reach the bulk 

of the crystal. The soaking technique is also applied to introduce in the crystal a 

cryoprotectant, which prevents possible damages of the crystal due to freezing. The 

time used for the soaking is an important experimental variable. In particular, it should 

be sufficiently long to allow molecules to reach the bulk of the crystal, but not too long 

to avoid the crystal crushing due to the perturbation of the mother solution. The 

minimum diffusion time of small molecules in porous crystals can be calculated 

theoretically using a recent diffusion model [1] that uses as input: the dimensions of 

crystals; the volume and the shape of the channels; the dimensions and the 

concentration of the diffusing species. 

 

2.1.1.4 Crystallization robot 

For routine crystallization trials, the experiments can also be carried out using an 

automatic system on a crystallization robot facility. In particular, a Freedom Evo Tecan 

robot has been used for some of the crystallization trials during the experimental work 

of this thesis (Figure 2.4). The system is composed of worktable, housing and frame, 

main electronic boards and robotic arm. On this arm, a high-precision liquid handling 

with four independent liquid channels (LiHa), each of them composed of a diluter and a 

syringe, is settled. The worktable is equipped with evenly spaced positioning pins, to 

ensure the positioning of carriers. In the middle of the table, a washstation for the 

washing of needles of the diluting system is fixed (Figure 2.4a). Other carriers can be 

fixed to pins to support the main labware types, i.e. crystal palates, 50 mL tubes, 1.5 

mL eppendorf tubes, crystal screening solution containers (Figure 2.4a).  

The dispensing of the liquid is carried out by four needles mounted on the robotic 

arm and connected to four plungers (Figure 2.4a). The robotic arm allows the 

movement of needles in three directions. The Freedom Evo used for the crystallization 

experiments is equipped with two syringes for large volume dispensing (minimum 

volume 20 µL – maximum volume 2.5 mL) and two syringes for small volumes (0.1 µL 
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– 250µL). To avoid contamination and corrosion, all syringes, needles and tubes in 

contact with the liquids to be handled are made of stainless steel and are coated on 

both sides with Teflon. The coating increases the durability of the tips and their 

hydrophobicity, thus reducing contamination with the liquids to be dispensed. 

Moreover, for the same purpose, plungers are designed to avoid a direct contact with 

samples, using a liquid system. This is a central component of the 

aspirating/dispensing function and transmits the movement of pistons to tips through 

the system liquid, i.e. distilled water, contained in a can placed under the worktable. 

The system liquid is delivered to plungers through a system of tubes and it is always 

separated form the liquid to be handled by an air gap. After each aspirating/dispensing 

procedure, the system liquid is expelled in the washstation and the plungers are rinsed 

and refilled with fresh system liquid. In the washstation, the tips are washed inside and 

outside, using the system liquid. Two kinds of protocols for the washing of the outer 

side of the needles are available, using two different wells filled with the same system 

liquid: the faster one allows the washing of the tip of the needle only, while the second 

uses a deeper well to wash needles in their overall height. 

 
x 

y 

z 

robotic arm washstation 

carriers 

(a) 

(b) 

 
Figure 2.4: (a) The Tecan Freedom Evo robot. In the middle of the worktable a washstation is 

settled. On the right and on the left there are carriers to support the main labwares. A robotic 

arm with four syringes allows the aspiration and dispensing of the liquids. (b) Schematic 

representation of the three dimensional reference system used by the Freedom Evoware 

software. 
 

On the worktable, in the robot used for the trials, a two-positions carrier for 

crystallization plates (standard type), with two locations for the positioning of two 

sliding lids, was settled. With the use of a needle, the sliding lids can be moved over 

the crystallization plates after the drop deposition, to avoid fast evaporation of the 

trials. Moreover, the workstation is equipped with a 16 positions carrier for 50 mL tubes 

and two further carriers for crystallization plates (with 2 and 3 positions, respectively) or 

other labware with similar dimensions, such as an aluminium container for 24 1.5 mL 

eppendorf tubes. 
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The robot is run by the Freedom Evoware software, a specifically designed 

software. It controls the robot using a three dimensional reference system (Figure 

2.4b), with two orthogonal axes (x,y) defining the horizontal movements on the 

worktable and a third axis (z), orthogonal to x and y, defining the vertical movement of 

the needles. The movement of the robotic arm is allowed on x direction, while each 

needle can move both along y and z. The three axes intersect at the origin point of the 

reference system, settled on the upper left corner, away from the observer. All carriers 

and labwares ought to be defined in this reference system before programming.  

The main window of the program allows the control of worktable elements and the 

setting of scripts. Among the commands of common use, two different protocols are 

defined for aspirating and dispensing. The single pipetting mode is set for protocols in 

which all the aspirated liquid volume is dispensed at ones, while the multi pipetting 

protocol manages the procedures in which more than one dispensing follows a single 

aspiration. For both protocols, the aspiration and dispensation parameters are set 

according to the liquid class chosen by the operator, i.e. water, protein solution, salt, 

PEG, DMSO, ethanol, etc. Each liquid class defines several parameters: the speed of 

the aspiration and the dispensing, both for large and small volumes, the z positioning 

of the needle during aspiration and dispensing, the way of sensing the liquid level, the 

air volumes aspirated before and after the liquid. In addition to the air gap aspirated 

before the sample liquid to separate it from the system liquid (STAG, System Trailing 

Air Gap), further air volumes can be set (Figure 2.5): the Leading Air Gap (LAG) is 

aspirated after the STAG and before the sample liquid and is dispensed with the liquid 

with the aim of assuring the complete dispensing; the Trailing Air Gap (TAG) is 

aspirated after the sample liquid with the purpose of isolating it to avoid leakages. In 

order to obtain optimal pipetting results, the aspiration speed, the breakoff speed, the 

delay after aspiration and the dispensing speed should be set depending on the 

viscosity of the liquid. In particular, for very viscous liquids, the delay after aspiration 

should be sufficient to let the liquid dropping from the outer surface of the needle. In 

the multi pipetting protocol, a conditioning volume and an excess volume are 

suggested to increase the precision in the dispensing of the first and of the last aliquot, 

respectively (Figure 2.5).  
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Figure 2.5: Schematic representations of the air volumes that can be set for (a) the single 

pipetting and (b) the multi pipetting protocols. 

 

The Integrate Liquid Level Detection (ILID) protocol allows the detection of the 

liquid before aspirating and dispensing. An electronic device mounted on the Liquid 

Handling arm monitors the capacitance between the pipetting tip and the worktable 

(electrical ground). It generates a signal when there is a sudden change in the 

capacitance, that happens when there is a contact between the tip and a ionic solution. 

The system is able to detect the level so that it can avoid the complete immersion of 

the tip during aspiration, only a small contamination of samples is produced and a 

deep wash of the needle is not required to remove the liquid residues. Since the 

capacitance value depends on the ionic strength of the liquid and on the charges on 

the liquid containing tube, it is possible to set the conductivity, among the characteristic 

values of the liquid class, allowing a suitable detection for different liquids. The 

software modifies the sensitivity of the liquid detection considering the parameters of 

the liquid class set by the operator. It is also possible to set a double detection option, 

so that the needle is drawn back after the first liquid detection and then it can sense 

the liquid level again. The detection is retained if the two measured values are into a 

specific range, otherwise the needle is dipped deeper in the solution. This option is 

very useful for liquids containing bubbles that can distort the first capacitance 

measurement. In case that the liquid volume is not sufficient, the software reports an 

error message to the user. 

The Script Editor window of the software allows the setting of all operations that the 

robot should do to complete a particular experiment. Beside the aspiration, dispensing 

and washing commands, it is possible to set variables that can be changed either by 

the operator, at the beginning or during the running, or by the software itself. Moreover, 

if…then cycles and loops are allowed. In the former instruction, a protocol is executed 

if a condition is fulfilled; in the latter, a series of operations is carried out for a defined 

number of times.  



Materials and Methods 

 61

Using the crystallization robot facility located in the Centre of Biocrystallography of 

the University of Trieste, sitting drop experiments were carried out using 96 well 

crystallization plates (Figure 2.3c).  

 

2.1.2 X-ray experiment 

2.1.2.1 Data collection 

For a single crystal diffraction experiment, collecting several diffraction images from 

a single crystal of adequate dimensions is necessary in order to have a complete data 

set containing all the independent reflections at a given maximum diffraction angle. If 

the crystallization batch does not contain separate single-crystal entities but only their 

agglomerations, they have to be broken in single crystal fragments. The selected 

crystal or crystal fragment has to be mounted on a goniometer (Figure 2.6), that allows 

controlled movements of the sample under the X-ray beam. The mounting operation 

can be carried out either setting the crystal on a glass fibre using glue, or collecting the 

crystal into its mother solution with a small nylon loop (Figure 2.7). In the latter case, 

the crystal will be kept inside the ring of the loop by the surface tension of the mother 

solution. Preliminary diffraction images are analysed to evaluate the quality of the 

crystal (whether it is single, the resolution limit of the reflections) and the unit cell 

parameters. An important parameter of a data collection is the resolution limit, i.e. the 

minimum distance between crystallographic planes for which the diffracted beam is 

measurable, which can be calculated using Bragg’s law: 

max

min
sin2 θ

λ
=d   (2.1), 

where dmin is the minimum distance between crystallographic planes, λ is the 

wavelength of the incident radiation and θmax is the maximum measurable diffracted 

angle formed between the incident radiation (or the diffracted beam) and the 

crystallographic plane. 
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Figure 2.6: Rotating anode diffractometer. In the picture, the 

circular detector, the cryo system and the goniometer, with K 

geometry, are visible. On the right, the X-ray source. 

 

  

 

 
Figure 2.7: single crystal 

mounted on a nylon loop. 

 

The rotation method, consisting in collecting a diffraction image while the crystal is 

rotating along an axis, is usually applied for the data collection. The quality of the data 

collection is influenced by several parameters that should be carefully selected before 

starting the measurements: 

• The rotation angle covered during a single frame collection is set at the 

beginning of the data collection and it can vary from a fraction to several degrees, 

depending on the dimensions of the unit cell. In particular, it is chosen in order to 

obtain images containing a significant number of well separated diffracted beams 

(spots) for each frame, avoiding superposition of reflections.  The overlap of spots 

is related not only to the rotation angle and unit cell dimensions but also to the 

mosaicity of the crystal. This characteristic reflects imperfections in the regularity 

of the arrangement of molecules in the crystal. Indeed, the crystal can be 

described as formed by several domains, each one misaligned from the others by 

a small angular rotation. The mean angle of rotation between domains is related to 

the value of the mosaicity. Thus, lower mosaicity value implies better diffraction of 

the crystal. This phenomenon is part of the static (time-independent) disorder of 

the crystal and can be either due to the crystal growth or to the subsequent 

manipulations such as soaking, separating, mounting, freezing, etc. Another 

unfavourable effect of a high degree of mosaicity is the reduction of the resolution 

limit of the diffraction pattern, due to the spread of diffracted beams.  
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• The wavelength of the incident radiation should be chosen in order to avoid 

absorption phenomena, that can occur in presence of heavy elements such as 

transition metals. Moreover, in crystals with a strong diffraction power, a small 

wavelength can increase the diffraction resolution, due to the limit to the resolution 

imposed by Bragg’s law. The absorption process can also increase radiation 

damages phenomena, in particular if a very intense source, such as synchrotron 

radiation, is used. With this kind of source, the choice of the wavelength depends 

on the energy profile of the source, too. In general, for hard X-rays, the decrease 

of wavelength corresponds to a decrease of beam intensity. In case of using 

phasing techniques such as Multiwavelength Anomalous Dispersion (MAD), the 

choice of the wavelength is fixed by the anomalous scattering element and more 

than one data set should be collected varying the wavelength. 

• The distance between the crystal and the detector has to be selected 

considering the diffraction power of the crystal and the separation of the diffraction 

spots in each frame. In particular, a small distance allows the collection of high 

resolution reflections, but at the same time it can increase the overlapping of the 

diffraction intensities at small scattering angle. On the contrary, the distance 

should be increased if the crystal is poorly diffracting and/or the reciprocal lattice is 

crowded. 

• The exposure time mainly depends on the diffraction power of the crystal and 

on the intensity of the radiation source. The exposure time should be selected in 

order to complete the collection of the diffraction intensities at high resolution in a 

reasonable time. If synchrotron radiation is used, for each image, a radiation dose 

is set, rather than an exposure time, since the intensity of the incident beam 

decreases during data collection. 

• The number of images of a data collection, that defines the total angular width 

of crystal rotation, is chosen analysing the symmetry of the unit cell. Moreover, 

according to the orientation of the crystal, the data collection can be optimised to 

obtain a higher completeness for both low and high resolution data. If a K 

goniometer is used, the crystal can be also oriented around four arcs, to put under 

diffraction conditions the families of planes, which cannot be reached by the simple 

rotation of the crystal around the axis perpendicular to the incident beam.  

Moreover, cryogenic techniques can be used both to improve the diffraction pattern 

and to prevent crystal damaging. Thus, the diffraction experiment can be performed on 

a crystal cooled by a N2 stream. Cryo-crystallography is commonly applied when 

synchrotron radiation is used, due to the high intensity of such a source. Anyway, even 

using a conventional source, the freezing of the crystals should be carried out as it 

reduces thermal vibrations enhancing the signal-to-noise ratio. Moreover, for groups 
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with a possible conformational disorder, the lowering of the temperature reduces the 

ratio of molecules with an energetically higher conformation. In addition to this, if the 

crystal is mounted on a small nylon loop (Figure 2.7), the cooling is also necessary to 

block the crystal during data collection. With a cooling procedure, the diffusion 

processes and the propagation of reactive species, such as free radicals within the 

crystal, are slowed down. This effect reduces the rate of crystal damaging during data 

collection. 

However, the presence of solvent molecules both in the channels of the crystal and 

in the mother solution surrounding the crystal, especially for crystals mounted on loops, 

makes the cooling procedure particularly tricky. Actually, the solvent in or around the 

crystal can crystallize under the nitrogen flow, giving a powder diffraction pattern that 

overlaps with the pattern of the sample. Another problem that can arise from solvent 

crystallization is the damaging of the crystal structure, due to the volume expansion 

that results from the crystallization process occurring in its channels. Therefore, to 

avoid crystallization of the solvent and induce a glass-like amorphous phase transition, 

a fast cooling is applied and a cryoprotecting agent is introduced in the mother 

solution. The role of the cryoprotectant is to interfere in the ordered disposition of 

solvent molecules, thus preventing crystallization. Changing the chemical and physical 

properties of the solvent, through the addition of a cryoprotectant, and applying a flash 

cooling, a non-diffracting amorphous phase is obtained. Among the most common 

cryoprotectants, glycerol, polyethyleneglycol (PEG) and Paratone (a commercial 

preparation containing a poli-fluorurated oil) were used for the experimental work in 

this thesis. 

 

2.1.2.2 Data processing 

The elaboration of the diffraction data is usually done through the following steps: 

• Indexing of reflections; 

• Refining of cell parameters, orientation matrix of the crystal, mosaicity and 

crystal-to-detector distance; 

• Integration of reflections; 

• Scaling and merging of diffraction intensities. 

For the crystallographic data collected during the experimental work for the present 

thesis, the indexing of the reflections was performed either using the software 

MOSFLM [2] or DENZO [3]. They both allow the refinement of parameters regarding 

cell, crystal and experimental setting and the integration of data, whereas, for the 

scaling and merging step, the softwares SCALA [4] and SCALEPACK [3] were used. 
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The scaling protocol is fundamental for the whole data processing, since it is a 

procedure that allows calculating a scale factor for each diffracted intensity, thus, all 

the reflections collected can be placed on a common relative scale. This step is 

essential to correct data for effects such as non-linearity of the incident beam intensity,  

or as changes in the average diffracted intensities due to variations in the total 

diffracting volume of the crystal sample, that may arise from movements in and out 

from the incident beam during rotation. Moreover, corrections can be set for other 

effects, such as absorption of the incident radiation, crystal damaging during collection, 

etc. In particular, in the present experimental work, the software XABS [5] was used to 

apply an empirical correction to the experimental intensities, in order to correct data for 

X-ray absorption. For each data collection, several scaling trials with different options 

were performed and after a comparison the best scaling procedure was chosen. 

Moreover, intensities of reflections collected more than once or related by the 

symmetry of the crystal are merged together, such as the Friedel couples of reflections 

with indexes hkl and -h-k-l. 

The quality of the scaled data set can be evaluated using an indicator, the 

‘reliability factor’, Rmerge, calculated as follows: 
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where )( jIhkl  is the experimental value of the intensity of the j reflection with indexes 

(hkl) and hklI  is the average value of the intensity of the hkl reflection, considering 

various measurements of the same reflection or of reflections related by the symmetry 

of the crystal. In general, the better data quality is, the lower the Rmerge value, since the 

intensities of equivalent reflections are more similar and less error affected. 

Another parameter to be monitored in order to evaluate the quality of the data is the 

value of )(II σ , i.e. the mean value of the signal intensity over the standard 

deviation of the intensity itself. The resolution limit is generally evaluated according to 

this parameter, following an estimation procedure: all reflections are divided in shells of 

different resolution and the last shells with reflections having larger diffraction angle 

should have a )(II σ  value grater than 2 to be included in the data processing. 

Moreover, the completeness of the high resolution shell can be examined to verify if 

there are enough data, at this resolution, to spot fine details of the structure. 
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2.1.2.3 Structure determination and refinement 

To solve a crystallographic structure, in addition to the intensities of the diffracted 

beams, which are proportional to the square of structure factors, their phases are 

required. Yet, this information cannot be derived by the experimental data and should 

be guessed at the beginning of the refinement. In crystallography, the initial 

assumption of these phase values is known as phase problem.  

There are various techniques to solve this problem and to provide the initial guess. 

The choice between them arises from details regarding the system under analysis, 

such as the presence of a heavy atom, the knowledge about similar structure already 

determined, the number of atoms of the asymmetric units; the resolution limit of 

diffraction data, etc..  

In particular, in the present research, three methods of phasing were applied. In 

structures with a heavy atom, that is an atom with many electrons, thus, a large 

scattering factor, but with a number of light atoms not huge with respect to the heavy 

ones, the heavy atom method, based on the analysis of the Patterson map, was 

applied. The Patterson function is defined as the auto-convolution of the electron 

density of the unit cell of the crystal and can be deduced through a Fourier synthesis of 

the diffracted intensities:  

∑ ∑ ∑
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where Ihkl are experimental intensities, V is the volume of the unit cell, the indexes 

u, v, w are referred to the real space, while h, k, l are referred to the reciprocal one. 

Patterson peaks correspond to interatomic vectors in the space of unit cell: direction 

and modulus of each Patterson vector coincide to direction and modulus of such 

interatomic vector, while the intensity of the Patterson function depends on the 

electrons of the atoms at each end of this vector. Moreover, the intensity of the 

Patterson peak depends on the multiplicity, i.e. number of such atomic vectors 

(identical in atomic species, modulus and direction) present in the structure. The most 

intense peak in the Patterson function is always at the origin, as it correspond to the 

relation of each atom with itself. 

When a heavy atom is present in the unit cell, the vectors which relate it with atoms 

of the same specie located in symmetrical positions are the strongest of the whole 

Patterson map. Considering a general position for this atom and knowing the symmetry 

relations between atoms in the unit cell, the theoretical Patterson peaks can be 

obtained from differences between the possible positions of symmetrical heavy atoms. 

Thus, the theoretical Patterson map is compared with the experimental one, peaks are 

equalized and, from these equivalences, the spatial coordinates of heavy atoms can be 

calculated. After obtaining an initial electron density map using phases from the 

position of heavy atoms (assuming that the phases are mainly determined by the 



Materials and Methods 

 67

heavy atom positions), light atoms are located in correspondence to the peaks of 

electron density. For the solution of the phase problem with the heavy atom method, 

the software SHELXS [6] was used. 

In cases in which the number of atoms in the unit cell was limited and a heavy atom 

is not present, direct methods were used, consisting in the guess of phases based on 

probability relations of very intense structure factors. This is a ‘trial and error’ method 

that generates casual sets of phases for triplets of strong reflections according to 

relations between the reflections in each triplet. With a large number of trials, a set of 

phases allowing the determination of an initial structure through Fourier synthesis can 

be chosen. A strong limitation to direct methods is the resolution limit of diffraction data 

since it is applicable only for atomic resolution data sets. For the solution of the phase 

problem with direct methods, the softwares SHELXS [6] and SIR2002 [7] were used. 

When the quality of diffraction data allowed the application neither of direct 

methods nor of heavy atom method, the phase problem was solved using the 

molecular replacement method, by the software AMORE [8]. This method requires an 

initial 3D molecular model for the unknown crystal structure. The phases of the 

structure factors are evaluated through the comparison between the theoretical 

Patterson map calculated for this model and the Patterson map obtained by 

experimental data. In molecular replacement method, after obtaining the Patterson 

function form experimental intensities, it is divided in two sets of peaks, corresponding 

to the intramolecular vectors, with a shorter modulus, and to the intermolecular vectors, 

longer than the previous. The former set strongly depends on the molecular structure 

of the model taken into account and on its orientation in the unit cell, while the latter is 

related to the reciprocal position of different molecules in the unit cell. Actually, in the 

phasing procedure, the first step is the comparison between the theoretical Patterson 

map, obtained from a single model in a extremely large unit cell, and the experimental 

Patterson map limited to the shorter vectors. The limiting radius depends on the 

dimensions of the model. The theoretical Patterson map is rotated until a satisfactory 

correspondence with the experimental one is reached. A rotation function can be 

calculated, with maximum values for the orientations that correspond to the overlap of 

the two maps and then to true orientations of the molecule in the cell. The second step 

is the positioning of the oriented molecule in the unit cell with respect to the symmetry 

operators, considering the positions of other molecules present in the crystal and 

related by crystallographic symmetry. To gain this result, theoretical Patterson maps 

calculated in the real unit cell are determined considering different possible 

translational vectors. The comparison of these maps with the experimental one, as 

regards long intermolecular vectors, allows the determination of a translational 

function, which has a maximum value in correspondence to the overlap of the two 
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whole Patterson maps and than to the true value of the translational vector. The 

orientation matrix obtained in the first step of molecular replacement and the 

translational vector arising from the second are subsequently applied to the 

coordinates of atoms of the model. Thus, an approximate set of phases can be 

calculated from the molecular model located in the unit cell.  

The initial guess of the phases of structure factors, obtained either by direct 

methods or by molecular replacement, allows the plot of the first electron density map 

around the approximate model of the molecule in the asymmetric unit. The initial model 

is used to start the refinement procedure. During the refinement, the model is corrected 

to gain a better agreement between the calculated structure factor moduli and the 

experimental ones. To evaluate this agreement, a parameter is usually applied, the R 

factor: 

∑
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calculated over all unique reflections hkl. Another index of the quality of the refinement 

is the Goodness of Fit (GooF), calculated as: 
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where w is the weight of the experimental data, n is the number of data and p is the 

number of parameters to be refined. The desired value of the GooF is 1; lower values 

mean an over-refinement of the structure, while higher values are usually due to the 

presence of electron density not taken into account in the proposed model.  

In the experimental work of this thesis, the refinement procedure for 

supramolecular structures was performed using the software SHELX-97 [9]. This 

software exploits the full matrix least squares method, changing values of the refining 

parameters to reduce the differences between the moduli of calculated and 

experimental structure factors. For protein structures, the refinement was carried out 

using REFMAC 5 [10], a software based on the maximum likelihood function [11].  

Usually, in the first steps of the refinement procedure, the molecule is refined as a 

rigid body, changing only positional parameters of its centre of mass and its rotation 

coordinates. Then, in the following steps, the atomic parameters are free to refine. 

However, if the number of data is low with respect to the refining parameters, i.e. the 

ratio between data and parameters is lower than 10, some constraints and/or restraints 

are added to the model. Constraints reduce the number of parameters to refine 

introducing fixed values for geometrical or thermal parameters, such as bond angles 

and distances, while restrains are defined as ranges of values among which a 
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parameter is allowed to change and, as regards the statistics of refinement, can be 

viewed as additional data.  

In this experimental work, besides model refinement managed by softwares, direct 

inspections of the electron density maps were performed and the model was modified 

manually according to chemical and physical knowledge. For the visualization of both 

the model and the electron density maps, the softwares O[12] and Coot [13] were 

used. Moreover, using Coot, a minimization protocol was also applied to the direct 

space, to improve the fit between electron density and model. 
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2.2 Co-crystallization of Horse Heart cytochrome c and nitrate ions 

Crystallization experiments of the oxidized and the reduced forms of cytochrome c 

in presence of nitrate ions and data collections of these crystals were carried out by the 

research group of Professor Messori of the University of Florence. Crystallographic 

data were analysed at the Centre of Excellence in Bio crystallography, University of 

Trieste. Horse Heart cytochrome c was purchased (Sigma) and used without further 

purification. 

 

2.2.1 Crystallization and data collection 

2.2.1.1 Oxidized form 

Crystals of oxidized form of Horse Heart cytochrome c were grown at the University 

of Florence, using hanging drop technique from a 10 µL drop, containing 5 µL of a 

protein solution (30 mg/mL) and 5 µL of the reservoir solution (phosphate buffer 50 mM 

pH 7.4, NaNO3 3 M, (NH4)2SO4 5 M). Red crystals of the oxidized form grew in 7 days. 

Crystallographic data were collected at 100 K on a crystal mounted on a loop and 

cryoprotected with 30% glycerol, using a conventional X-ray source, the Oxford 

Diffraction PX Ultra diffractometer, with a OnixCCD detector. A dataset of 172 images 

was collected using a rotation angle of 0.5° per frame, with a maximum resolution of 

1.75 Å. 

 

2.2.1.2 Reduced form 

Crystals of reduced form of Horse Heart cytochrome c were grown at the University 

of Florence, using hanging drop technique from a 10 µL drop, containing 5 µL of a 

protein solution (30 mg/mL) and 5 µL of the reservoir solution (phosphate buffer 50 mM 

pH 7.4, NaNO3 3 M, (NH4)2SO4 5 M). The reduction of the iron ion was performed by 

adding 10% dithionite in the well containing the reservoir solution. Crystals of the 

reduced form grew in 10 days and they were paler and with a sharper form with 

respect to the oxidized ones.  

Crystallographic data were collected at 100 K on crystals cryoprotected with 30% 

glycerol, using a conventional X-ray source, the Oxford Diffraction PX Ultra 

diffractometer, with a OnixCCD detector of the Univerity of Florence. A dataset of 178 

images were collected for each crystal using a rotation angle of 0.5° per frame, with a 

maximum resolution of 1.90 Å. 
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2.2.2 Structure determination 

2.2.2.1 Oxidized form 

Crystallographic data were processed using MOSFLM [2] and SCALA [14]. A new 

trigonal crystalline form for ferricytochrome c was determined (Table 2.1). Using 

Metthews method [15], the number of protein molecules present in the unit cell can be 

evaluated. This method is based on the calculation of the Matthews volume, that is the 

ratio between the volume of the unit cell (in Å3), which can be evaluated knowing unit 

cell parameters, and molecular weight of the unit cell (in Da). The latter can be 

evaluated under the hypothesis that the asymmetric unit contains an integer number of 

protein molecules. The expected Matthews volume is in the range 1.7-4.0 Å3/Da. For 

the ferricytochrome c structure, three molecules were expected in the asymmetric unit, 

with a Matthews volume of 2.16 Å3/Da. 

The structure was solved in P3121 space group by molecular replacement phasing 

method using AMORE [8]. The initial model for the protein was obtained from a 

previously determined structure of Horse Heart cytochrome c (PDB [16] code: 1HRC 

[17]).  

The structure was refined using REFMAC 5 [10]. The refinement procedure 

consisted in some cycles of rigid body refinement, followed by cycles of restrained 

refinement, conducted using NCS (Non Crystallographic Symmetry) restrains for the 

three protein molecules, together with direct analysis and modelling of the structures. 

In the structure of the oxidized form of cytochrome c, 22 nitrate ions have been 

localized in the asymmetric unit. Numerical and statistical parameters calculated using 

PROCHECK [18] are shown in Table 2.1. Residues of the ferricytochrome c molecules 

interacting with the nitrate ions are reported in Table 2.2.  

 
Table 2.1: Unit cell parameters, scaling statistics and refinement details for the structure of the 

oxidized form of Horse Heart cytochrome c. 

 Oxidized Horse Heart cytochrome c 

Space group P3121 

a (Å), c (Å) 79.695(1), 89.247(1)  

Volume (Å
3
) 329110(12) 

Resolution range (outer shell) 44.63-1.75 (1.84-1.75) 

Rmerge (outer shell) 0.087 (0.744) 

<I>/σ(I) all data (outer shell) 21.5 (2.0) 

N° reflections (outer shell) 261279 (20592) 

Completeness (outer shell) 100.0% (100.0%) 

Redundancy (outer shell) 7.8 (4.3) 

N° of unique reflections 33571 (4824) 

Crystallographic R-factor (Rfree) 0.186 (0.248) 

rmsd in bond lengths (Å)  0.021 

rmsd in bond angles (°) 1.742 
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Table 2.2: Residues of the ferricytochrome c molecules interacting with the nitrate ions. 

Interacting residues on ferricytochrome c 
Number of the 
nitrate residue 

Independent molecule 
a 

Independent molecule 
b 

Independent molecule 
c 

1 Glu4 / Lys 7 - Lys72 / Ala83 

2 Lys 8 - 
Lys13 / Gly84 / Ile85 / 

Lys86 / Glu90 

3 Val 11 / Gln 12 - Phe82 / Ala83 / Gly84 

4 Lys 13 Gln 12 - 

5 Thr19 / Val20 / Glu21 - Thr28 / Ile81 

6 Lys99 / Asn103 - - 

7 Phe82 / Ala83 / Gly84 Val 11 / Gln 12 - 

8 Lys72 / Ala83 Glu4 / Lys 7 - 

9 
Lys13 / Gly84 / Ile85 / 

Lys86 / Glu90 
Lys 8 - 

10 - 
Lys13 / Gly84 / Ile85 / 

Lys86 / Glu90 
Lys 8 

11 Thr28 / Ile81 Thr19 / Val20 / Glu21 - 

12 Lys86 Glu4 / Lys 5 / Lys 8 - 

13 - Phe46 / Thr47 - 

14 - Phe82 / Ala83 / Gly84 Val 11 

15 - Lys72 / Ala83 Glu4 / Lys 7 

16 Gln 12 - Gln 12 / Lys 13 

17 - Thr28 / Ile81 Thr19 / Val20 / Glu21 

18 - Lys99 / Asn103 Lys99 / Asn103 

19 - Phe36 / Glu61 / Lys99 Phe36 

20 - Phe36 Phe36 / Glu61 / Lys99 

21 - Met65 / Glu69 / Arg91 Lys88 

22 Glu4 / Lys 5 / Lys 8 - Lys86 

 

 

2.2.2.2 Reduced form 

Crystallographic data were processed using MOSFLM [2] and SCALA [14]. A new 

monoclinic crystalline form for ferrocytochrome c was determined (Table 2.3). Using 

Metthews method [15], three molecules were found in the asymmetric unit. 

The structure was solved in C2 space group by molecular replacement phasing 

using AMORE [8]. The initial model for the protein was obtained from the same 

deposited structure used for the trigonal form (PDB [16] code: 1HRC [17]). 

The structure was refined using REFMAC 5 [10]. The refinement procedure 

consisted in initial cycles of rigid body refinement, followed by cycles of restrained 

refinement, conducted using NCS (Non Crystallographic Symmetry) restrains for the 

three protein molecules, together with direct analysis and modelling of the structures. 

In the structure of the reduced form of cytochrome c, 18 independent nitrate ions have 

been localized in the asymmetric unit. Numerical and statistical parameters calculated 

using PROCHECK [18] are shown in Table 2.3. Residues of the ferrocytochrome c 

molecules interacting with the nitrate ions are reported in Table 2.4. 
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Table 2.3: Unit cell parameters, scaling statistics and refinement details for the structure of the 

reduced form of Horse Heart cytochrome c. 

 Reduced Horse Heart cytochrome c 

Space group C2 

a (Å), b (Å), c (Å) 90.091(1), 52.029(1), 80.733(1)    

β (°)  126.19(1), 

Volume (Å
3
) 305414(13) 

Resolution range (outer shell) 65.09-1.90 (2.00-1.90) 

Rmerge (outer shell) 0.116(0.404) 

<I>/σ(I) all data (outer shell) 9.0 (2.1) 

N° reflections (outer shell) 58077 (6252) 

Completeness (outer shell) 95.3% (87.3%) 

Redundancy (outer shell) 2.5 (2.0) 

N° of unique reflections 22833 (3076) 

Crystallographic R-factor (Rfree) 0.193 (0.276) 

rmsd in bond lengths (Å)  0.020 

rmsd in bond angles (°) 1.794 

 
 
 
 
 
 
Table 2.4: Residues of the ferrocytochrome c molecules interacting with the nitrate ions. 

Interacting residues on ferrocytochrome c 
Number of the 
nitrate residue 

Independent molecule 
a 

Independent molecule 
b 

Independent molecule 
c 

1 Val11 - Phe82 / Ala83 / Gly84 

2 Phe82 / Ala83 / Gly84 Val11 / Gln12 - 

3 Glu4 / Lys7 - Lys72 / Ala83 

4 
Lys13 / Gly84 / Ile85 / 

Lys86 / Glu90 
Lys8 - 

5 Thr19 / Val20 / Glu21 - Thr28 / Ile81 

6 Thr28 / Ile81 Thr19 / Val20 / Glu21  

7 Lys53 Phe46 / Thr47 Lys25 

8 Lys25 / Lys27 Lys25 / Lys27 / Thr28 Lys25 / Lys27 

9 Gly77 - 
Lys39 / Ile57 / Thr58 / 

Lys60 

10 - Phe82 / Ala83 / Gly84 Val11 

11 - 
Lys13 / Gly84 / Ile85 / 
Lys86 / Glu90 / Lys87 

Lys8 

12 - Thr28 / Ile81 Thr19 / Val20 / Glu21 

13 - 
Lys39 / Ile57 / Thr58 / 

Lys60 
Gly77 

14 Phe46 / Thr47 Lys25 / Lys53 - 

15 Lys25 / Lys27 / Thr28 Lys25 / Lys27 Lys25 / Lys27 / Thr28 

16 a(16) Phe36 / Glu61 / Lys99 - 

17 
Lys39 / Ile57 / Thr58 / 

Lys60 
Gly77 - 

18 Lys8 - 
Lys13 / Gly84 / Ile85 / 

Lys86 / Glu90 
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2.2.3 Structure analysis  

Horse Heart cytochrome c structures were analysed using the graphical program O 

[12]. All structural representations were obtained using PYMOL [19] and the APBS tool 

(Adaptive Poisson-Boltzmann Solver) [20] to calculate the electrostatic surfaces. This 

software assumes a continuum model to describe the electrostatic interactions, such 

as protein-ion interactions, in an aqueous medium. Calculations were carried out using 

relative dielectric constants with a value of 2 for the protein and of 78 for the solvent. 

The radius of the solvent molecules were set to 1.4 Å, which is optimal for water 

molecules. The colour scale is set from -10 kT/e (red) to +10 kT/e (blue), where k is the 

Boltzman constant, T the temperature (310 K) and e the electron charge. 

The local accessible surface area of the heme group was calculated with respect to 

the total surface area of the protein, using ArealMol (CCP4) [21]. The solvent 

accessible surface of a protein is defined as the locus of the centre of a probe sphere, 

with a radius of 1.4 Å, representing a water molecule, as it rolls over the Van der Waals 

surface of the protein. The software calculates the solvent accessible surface area by 

generating surface points on an extended sphere about each atom, at a distance from 

the atom centre equal to the sum of the atom and probe radii, and eliminating those 

that lie within equivalent spheres associated with neighbouring atoms. 

The structures obtained for Horse Heart cytochrome c, in its oxidized and reduced 

states, were compared with the structures of biological complexes involving this 

protein, found in the Protein Data Bank [16]. In particular, the complex between the 

Yeast cytochrome c and the cytochrome bc1 (PDB code: 1KYO [22]), the complex 

between the Horse cytochrome c and the Yeast cytochrome c peroxidase (PDB code: 

2PCB [23]) and the complex between the Yeast cytochrome c and the Yeast 

cytochrome c peroxidase (PDB code: 2PCC [23]) were analysed. Moreover, the 

structure of the complex between the bacterial analogous of cytochrome c, the 

cytochrome c2 form Rhodobacter Sphaeroides, and the Photosynthetic Reaction 

Centre (PDB code: 1L9J [24]) was considered. For the comparative analysis of the 

structures of the biological complexes, the homology alignments were performed using 

ClustalW [25] (default parameters of penalty: gap score 10, penalty extended score 0.2 

and Blosum30 matrix). The least square comparison option of the software O was 

used to overlap the experimental structures of cytochrome c, characterized in this 

work, and the structures of biological complexes, found on the Protein Data Bank [16].  
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2.3 Cavitand – porphyrin complexes. 

2.3.1 Calixarene – porphyrin complex (pH 9.5) 

A new calixarene-porphyrin complex was prepared by self assembly, using a 

(5,11,17,23-tetrasulfonato-25,26,27,28-tetrakis(hydroxylcarbonylmethoxy)calix[4]arene 

(sodium salt), 1, in cone conformation, and a meso-tetrakis(4-N-

methylpyridyl)porphyrin (chloride salt), 2 (Scheme 2.1).  

 

 

1 

         

2 
 

Scheme 2.1 

 

2.3.1.1 Crystallization and data collection 

The supramolecular complex was prepared by mixing a water solution of calixarene 

1 (final concentration 4.4 mM) and a water solution of porphyrin 2 (final concentration 

5.5 mM). Single crystals of this complex were obtained at 20°C using the vapour 

diffusion crystallization method, both on hanging drop and on sitting drop settings. In 

the former experiments, prepared manually in Linbro boxes, drops containing 2 µL of a 

calixarene-porphyrin solution and 2 µL of the reservoir solution were suspended on a 

well containing, as precipitant solution, polyethylenglicol (PEG) 300 30-70% and 

buffered at pH 9.5 with an ammonium chloride solution (100 mM). In the latter case, 

similar conditions of crystallization were applied using a robot on 96-well plates. In both 

experiments, red rod-shaped crystals of typical dimensions of 0.4 mm x 0.1 mm x 0.1 

mm grew in 2 to 6 months (Figure 2.8). The crystals of this complex are relatively 

stable out of solution and still diffract after one week.  
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Figure 2.8: Crystals of the complex between calixarene 1 and porphyrin 2 formed in a solution 

at pH 9.5. 

 

The first trials of diffraction experiments on these crystals were carried out using 

the conventional rotating copper anode source of the Department of Chemical 

Sciences of the University of Trieste. However, due to the large unit cell and the wide 

channels filled with solvent that make the structure quite disordered, the low resolution 

of the data sets did not allow to solve the structure. Thus, a further data collection was 

carried out on the diffraction beamline XRD1 of the synchrotron Elettra (Trieste, Italy).  

A single crystal was kept in a loop and flash frozen under a nitrogen stream at a 

temperature of 100 K. The PEG already present in the crystallization solution was used 

as cryoprotectant. For the data collection a 1.0 Å wavelength was used and each 

image was collected while rotating the crystal of 1°. From the reduction of the first 

diffraction images, a tetragonal cell was identified. The complete data set was 

constituted of 90 frames (Table 2.5). 

Cell parameters were determined using MOSFLM [2]. Data were scaled and 

merged using SCALA [14]. Unit cell parameters and scaling statistics are reported in 

Table 2.5. 
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Table 2.5: Details of the data collection and scaling statistics for calixarene-porphyrin crystals 

grown at pH 9.5. 

 Calixarene – porphyrin (pH 9.5) 

 Data collection details 

Wavelength (Å) 1.00 

∆ϕ (°) 1 

Detector distance (mm) 45 

N° frames 90 

Temperature (K) 100 

 Unit cell parameters 

Space group I 41/a 

a (Å), c (Å) 50.3695(7), 48.0517(6) 

Volume (Å
3
) 121911(3) 

 Scaling statistics 

Resolution range (outer shell) 20.40-1.00 (1.06-1.00) 

Rmerge (outer shell) 0.060 (0.509) 

<I>/σ(I) all data (outer shell) 12.9 (1.3) 

N° reflections (outer shell) 28181 (870) 

Completeness (outer shell) 88.1% (19.0%) 

Redundancy (outer shell) 3.4 (1.4) 

 

2.3.1.2 Structure determination 

The phase problem for this structure was solved by direct methods using the 

software SHELX [6], in the tetragonal space group I 41/a. In the electron density of the 

asymmetric unit, two calixarene molecules and a whole porphyrin molecule were 

located. Another half porphyrin molecule, close to the previous, is intramolecularly 

related by an inversion centre. While the whole porphyrin molecule does not show any 

host/guest complexation with the cavitans, both the N-methylpyridil groups of the half 

molecule are deeply inserted in the calixarenic aromatic cavities. Moreover, two 

sodium ions were characterized in the electron density among the substituents of the 

lower rims of the calixarene molecules. The presence of this ions was expected since 

previous structures obtained using the same cavitand molecule showed this kind of 

complexation [26]. According to the presence of an inversion centre, a 4:3 

calixarene:porphyrin, similar to those observed in crystals grown at different pH [26], 

unit can be characterized. Another sodium ion was located between the two calixarene 

molecules, close to the carboxylic groups, bridging two different 4:3 units. In the 

asymmetric unit, a polyethylenglicol (PEG) molecule from the reservoir solution used in 

the crystallization protocol, 27 water molecules, both at full and partial occupancy, and 

7 further sodium ions were identified. 

Refinement of the structure was performed by the full-matrix least-squares based 

on F2, using SHELXL-97 [9]. During the refinement, restraints for the disordered 

solfonic groups of the calixarene molecules, for the N-methyl-piridinium groups of the 

porphyrin molecules and for the PEG molecule have been introduced in the model. In 

the final refinement, hydrogen atoms were included at calculated positions with 

exclusion of methyl groups that can rotate about their local three-fold axes. All non-
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hydrogen non-disordered atoms were treated anisotropically. The SQUEEZE function 

of the program PLATON [27] reveals a residual electron density of 3518 electrons/cell 

(corresponding to 22 water molecules in the asymmetric unit) in cell-remaining voids 

(53.1 % of cell volume). A refinement using reflections modified by the SQUEEZE 

procedure behaved well, and the R-factors were significantly reduced from 0.18 to 

0.13. Details of the refinement are reported in Table 2.6. 

Crystallographic data (excluding structure factors) for this structure have been 

deposited with the Cambridge Crystallographic Data Centre, code CCDC-696244. 

 

Table 2.6: Refinement statistics of the calixarene-porphyrin complex at pH 9.5. 

 Calixarene – porphyrin (pH 9.5) 

Formula C276H210N24O96S16Na6·2C10O6H22·14Na·54H2O 

Formula weight  7820.86 

Z 8 

Calculated density (g cm
-3

) 0.852 

F(000) 32624 

µ(mm
-1

) 0.305 

Reflections (all / independent) 96978 / 27725 

Observed reflections  [Fo>4σ(Fo)] 18412 

Data / restraints / parameters 27704 / 82 / 2154 

R[I>2.0σ(I)] 0.1173 

R(all data)  0.1379 

wR2 [I>2.0σ (I)] 0.3237 

Goodness of fit 1.001 

 

 

2.3.1.3 Diffusion of metal ions in crystals of the calixarene-porphyrin complex 

Due to the large channels present in the solved structure of the calixarene-

porphyrin complex formed at pH 9.5, the diffusion of small molecules inside the crystal 

is easly obtained. Soaking experiments were carried out on these crystals to obtain 

new bi-functionalised materials, showing both a porphyrin unit and a possible catalytic 

metal centre. To reduce the time of growth of the calixarene-porphyrin crystals, a 

microseeding technique was applied, using fragments of crystals grown in similar 

conditions to seed void drops prepared a week before. The crystal growth took 2-3 

weeks after seeding. 

A drop of solution of the metal ions was prepared near the drop containing the 

crystals. Then the two drops were mixed allowing the diffusion of the second solution in 

the crystal channels. The experiment was set up so that the metal ions and the 

complex were almost equimolar. But, to avoid the dilution of the saturated solution 

containing the crystal and their possible solubilization, a small drop was prepared for 

the highly concentrated diffusing solution. 

After the diffusion of the metal ions, the mother solution changed their colour 

depending on the metal ion used in each experiment (Figure 2.8, before addition of 
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metal ion solution, and Figure 2.9, after addition of zinc solution). Besides, the crystals 

did not change their red colour in any of the soaking experiments that were carried out. 

Yet, their fast damage was noticed and, in a number of cases, it was not possible to 

collect complete diffraction data sets due to the poor quality of crystal fragments.  

 

 
Figure 2.9: Crystals of calixarene-porphyrin complex grown at pH 9.5 after addition of a zinc 

chloride solution. 

 

The concentration of the stock solution, its composition, the volume of the drop 

used for the soaking experiment and the time of diffusion were reported for each 

soaking experiment on Table 2.7. 

All data collections were performed at the XRD1 beamline of the synchrotron facility 

of Elettra (Trieste, Italy), using a monochromatic wavelength of 1.00 Å. Crystals were 

mounted using a loop and flash frozen in a nitrogen stream (100 K). The cryoprotectant 

(PEG) was already present in the mother solution. Unit cell parameters and integration 

were performed using MOSFLM [2] for all data collections. The software SCALA [14] 

was used for the scaling process. Details of the data collection, unit cell parameters 

and scaling statistics for the crystals of calixarene-porphyrin grown at pH 9.5, soaked 

with metal ions, are reported in Table 2.7. 



Materials and Methods 

 80

Table 2.7: Details of the soaking experiments and the data collections on metal ions diffused 

inside calixarene-porphyrin crystals grown at pH 9.5. 

 Zn
2+

 Ni
2+

 Cd
2+

 

 Soaking details 

Stock solution ZnCl2 0.02M NiCl2 0.02M Cd(CH3COO)2 0.02M 

Volume of soaking 

drop (µL) 
0.6 0.6 1 

Time of diffusion 20 hours 20 hours 3 days 

 Data collection details 

Wavelength (Å) 1.00 1.00 1.00 

∆ϕ (°) 1 1 1 

Detector distance 

(mm) 
45 100 55 

N° frames 79 60 63 

Temperature (K) 100 100 100 

 Unit cell parameters 

Space group I 41/a I 41/a m d I 41/a 

a (Å), c (Å) 
49.1400(7), 

49.8000(6) 
49.646(14), 50.592(6) 51.997(52), 47.691(48) 

Volume (Å
3
) 120254(3) 124700(50) 128900(200) 

 Scaling statistics 

Resolution range 

(outer shell) 
50.00–1.10 (1.14-1.10) 50.00-1.90 (1.97-1.90) 50.00-1.07 (1.11-1.07) 

Rmerge (outer shell) 0.087 (0.313) 0.042 (0.391) 0.078 (0.407) 

<I>/σ(I) all data 
(outer shell) 

8.1 (2.1) 18.4 (2.0) 12.3 (1.9) 

N° reflections (outer 

shell) 
21148 (1123) 4655 (482) 26869 (2190) 

Completeness (outer 

shell) 
87.3% (47.2%) 98.3% (100%) 95.8% (79.3%) 

Redundancy (outer 

shell) 
3.1 (1.8) 4.5 (4.5) 2.5 (1.9) 

 

 

2.3.1.4 Solution and refinement of the structure of the crystal soaked with zinc 

ions 

Since it was not possible to refine the structure starting from the coordinates 

previously obtained for the calixarene-porphyrin complex and using the new diffraction 

data, the structure was solved in I 41/a space group by Patterson seeding of dual-

space direct methods using SHELXD [28] and Fourier analyses and refined by the full-

matrix least-squares based on F2, using SHELXL-97 [9]. Two calixarene molecules, 1.5 

molecules of porphyrin (one disposed about a centre of inversion), two zinc ions, two 

chlorine ions, 8 sodium ions, and 8 water molecules were located in the asymmetric 

unit. According to the presence of the inversion centre, a calixarene-porphyrin complex 

similar to the previous was obtained, with the same interaction between 4:3 units 

mediated by a sodium ion. The zinc ions were localized close to the carboxylate 

groups of the lower rims of the calixarene, outside with respect to the central sodium 

ion. On the contrary, with respect to the calixarene-porphyrin structure previously 
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obtained, after soaking with the zinc solution, no PEG molecules were localized in the 

void channels. 

During refinement, restraints for the carboxylic groups of the calixarene molecules 

have been introduced in the model. In the final refinement, hydrogen atoms were 

included at calculated positions with exclusion of methyl groups that can rotate about 

their local three-fold axes. All non-hydrogen atoms were treated anisotropically. An 

extinction parameter has been refined using the card EXTI of the program SHELXL-97 

[9].  

The SQUEEZE function of the program PLATON [27] reveals a residual electron 

density of 4453 electrons/cell (corresponding to 28 water molecules in the asymmetric 

unit) in cell-remaining voids (55.3 % of cell volume). A refinement using reflections 

modified by the SQUEEZE procedure behaved well, and the R-factors were 

significantly reduced from 0.18 to 0.10. Essential crystal data and refinement details 

are reported in Table 2.8. 

Crystallographic data (excluding structure factors) for this structure have been 

deposited with the Cambridge Crystallographic Data Centre, code CCDC-696245. 

 
Table 2.8: Refinement statistics of the calixarene-porphyrin complex at pH 9.5, soaked with 

zinc ions. 

 Calixarene – porphyrin (pH 9.5) soaked 
with Zn

2+
 

Formula C276H210N24O96S16Na6Zn4Cl4·10Na·72H2O 

Formula weight  7979.92 

Z 8 

Calculated density (g cm
-3

) 0.882 

F(000) 33136 

µ(mm
-1

) 0.733 

Reflections (all / independent) 64523 / 21148 

Observed reflections  [Fo>4σ(Fo)] 13122 

Data / restraints / parameters 20842 / 40 / 2060 

R[I>2.0σ(I)] 0.0985 

R(all data)  0.1214 

wR2 [I>2.0σ (I)] 0.2575 

Goodness of fit 0.996 

 

2.3.1.5 Solution and refinement of the structure of the crystal soaked with nickel 

ions 

As for the structure solution of the crystals containing zinc, the refinement of the 

structure of the complex calixarene-porphyrin obtained at pH 9.5 with the new dataset 

behaved bad. Moreover, the scaling step revealed an increasing of the symmetry of 

the crystal after soaking, from a I 41/a space group to a I 41/amd space group. The 

latter is a minimal translationengleiche supergroup of the former one, with a additional 

point symmetry element, i.e. a mirror plane perpendicular to the x crystallographic 

direction.   
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Thus, the phase problem was solved in I 4122 space group by the molecular 

replacement method, using the atomic coordinates of the calixarene-porphyrin 4:3 

supramolecular unit of the structure of the complex grown at pH 9.5 without metal ions. 

The space group used by the software AMORE [8] is the non-centrosymmetric 

correspondent of the space group of the structure (I 41/amd). Actually, this software, 

that was developed for protein structures (chiral and non-centrosymetrical), does not 

allow to find the molecular replacement solution in a centrosymmetric space group. 

After having located the 4:3 supramolecular unit in the non-centrosymmetric cell, the 

origin of the system was set on a centre of symmetry, i.e. the one that related 

intermolecularly the central porphyrin in the 4:3 unit. Then, the coordinates of the 

atoms were calculated in the cell with the new origin and the whole 4:3 complex was 

reduced to the asymmetric unit, containing a calixarene molecule, one-quarter plus 

one-half of porphyrin molecules (the internal one, in the 4:3 complex, disposed about a 

2/m element of symmetry and the external one disposed perpendicular to the same 

mirror plane). 

The structure was refined in the I 41/amd space group by direct space refinement, 

using Coot [13], followed by full-matrix least-squares based on F2, using SHELXL-97 

[9]. A nickel ion, 3 sodium ions, and a water molecule, bound to the nickel ion, were 

located in the asymmetric unit during the first refinement cycles. Due to the low 

resolution of the data, a rigid body refinement was applied. All atoms of the structure 

were treated isotropically with the SIMU card. The SQUEEZE function of the program 

PLATON [27] reveals a residual electron density of 1188 electrons/cell (corresponding 

to 3.75 water molecules in the asymmetric unit) in cell-remaining voids (60.7 % of cell 

volume). A refinement using reflections modified by the SQUEEZE procedure behaved 

well, and the R-factors were significantly reduced from 0.38 to 0.33. Essential crystal 

data and refinement details are reported in Table 2.9. 

Crystallographic data (excluding structure factors) for this structure have been 

deposited with the Cambridge Crystallographic Data Centre, code CCDC-696243. 
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Table 2.9: Refinement statistics of the calixarene-porphyrin complex at pH 9.5, soaked with 

nickel ions. 

 Calixarene – porphyrin (pH 9.5) soaked 
with Ni

2+
 

Formula C276H210N24O96S16Na4Ni4·8Na·19H2O 

Formula weight  6764.7 

Z 8 

Calculated density (g cm
-3

) 0.721 

F(000) 27936 

µ(mm
-1

) 0.55 

Reflections (all / independent) 12839 / 4655 

Observed reflections  [Fo>4σ(Fo)] 2819 

Data / restraints / parameters 2692 / 147 / 120 

R[I>2.0σ(I)] 0.2181 

R(all data)  0.2453 

wR2 [I>2.0σ (I)] 0.5358 

Goodness of fit 1.916 

 

2.3.1.6 Solution and refinement of the structure of the crystal soaked with 

cadmium ions 

The structure was solved by the phasing method of the heavy atom, using the 

software SHELX [6]. Two cadmium atoms were located in close positions. After having 

calculated the first Fourier map from the phases of these atoms, the electron density 

around them was fitted with the model of the structure previously determined for the 

crystals soaked with zinc ions. In the electron density of the asymmetric unit, two 

calixarene molecules, a whole porphyrin molecule and another half porphyrin 

molecule, intramolecularly related by an inversion centre, were located. The positions 

of the cadmium ions results very similar to those of the nickel ions in the structure 

previously determined. Moreover, sodium ions were located among the substituents of 

the lower rim of each calixarene and close to solphonic  groups of the upper rim (4 

sodium ions). During refinement, decreasing the value of the contour map plotted by 

the program Coot [13] and analysing the Fourier difference peaks, obtained through 

comparing the experimental electron density map and the calculated one, two more 

cadmium atoms were located in positions at partial occupancy (statistical occupancy 

factor: 0.5) and, around them, the shape of two additional porphyrins, at the same 

occupancy, was recognized. Thus, while the three stacked porphyrins of the 4:3 

complex have not been metalled by the cadmium ions, these additional porphyrins, 

present in the channels of network constituted by the 4:3 units, contain a metal ion.  

 The structure was refined by direct space refinement, using Coot [13], followed by 

full-matrix least-squares based on F2, using SHELXL-97 [9]. In the final structure, two 

calixarene molecules, each containing a sodium ion, a whole porphyrin molecule, a 

half porphyrin molecule, intermolecularly related by a centre of symmetry, two 

porphyrin molecules at partial occupancy of 0.5, each containing a cadmium ion at 

occupancy of 0.5 bound to a water molecule, two additional cadmium ions, 4 sodium 
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ions, 4 chloride ions, 4 water moleculed and a PEG molecule, at occupancy of 0.5, 

were located in the asymmetric unit. All non-hydrogen, non-disordered atoms of the 

structure were treated anisotropically. During refinement, thermal parameters of 

neighbouring atoms were restrained to be approximately equal, using the SIMU card of 

SHELXL-97 [9]. Moreover, restrains were applied to bond lengths and angles of some 

solfonic and carboxylic groups of calixarenes and to the PEG molecule. The half 

occupancy porphyrins were treated as rigid bodies. The SQUEEZE function of the 

program PLATON [27] reveals a residual electron density of 7918 electrons/cell 

(corresponding to 27.5 water molecules in the asymmetric unit) in cell-remaining voids 

(39.6% of cell volume). A refinement using reflections modified by the SQUEEZE 

procedure behaved well, and the R-factors were significantly reduced from 0.20 to 

0.12. Essential crystal data and refinement details are reported in Table 2.10. 

 

Table 2.10: Refinement statistics of the calixarene-porphyrin complex at pH 9.5, soaked with 

cadmium ions. 

 Calixarene – porphyrin (pH 9.5) soaked with Cd
2+

 

Formula C276H214N24O98S16Na4Cd4Cl8·8Na·63H2O·2C44H38N8Ocd 
·2C4H10O3 

Formula weight  9918.44 

Z 8 

Calculated density (g cm
-3

) 1.022 

F(000) 40896 

µ(mm
-1

) 3.004 

Reflections (all / independent) 66743 / 26815 

Observed reflections  
[Fo>4σ(Fo)] 

16827 

Data / restraints / parameters 26815 / 1459 / 2147 

R[I>2.0σ(I)] 0.112 

R(all data)  0.142 

wR2 [I>2.0σ (I)] 0.2768 

Goodness of fit 1.627 

 

2.3.2 Co-crystallization of the calixarene – porphyrin complex in presence 

of nickel ions  

To improve the quality of the structure containing both the calixarene-porphyrin 

complex and nickel ions, co-crystallization experiments were set up using the 

calixarene 1, the porphyrin 2 (Scheme 2.1) and nickel chloride.  

 

2.3.2.1 Crystallization and data collection 

The supramolecular complex was prepared introducing NiCl2, solid, in a water 

solution of calixarene 1 (final concentration 4.4 mM) and, then, mixing it with a water 

solution of porphyrin 2 (final concentration 3.3 mM). Single crystals of this complex 

were obtained at 20°C using the vapour diffusion crystallization method on a hanging 
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drop setting. The crystallization trials were set up as in the previous experiments 

without the metal ions. Drops containing 2 µL of a nickel-calixarene-porphyrin solution 

and 2 µL of the reservoir solution were suspended on a well containing, as precipitant 

solution, polyethylenglicol (PEG) 300 30-70% and buffered at pH 9.5 with an 

ammonium chloride solution (100 mM). Red crystals grew after 2-6 months. 

Diffraction data on these crystals were collected on the diffraction beamline XRD1 

of the synchrotron Elettra (Trieste, Italy). A single crystal was kept in a loop and flash 

frozen under a nitrogen stream at a temperature of 100 K. The PEG already present in 

the crystallization solution was used as cryoprotectant. For the data collection a 1.0 Å 

wavelength was used and each image was collected while rotating the crystal of 1°. 

From the reduction of the first diffraction images, a tetragonal cell was identified, 

similar to those found for the crystals containing only the calixarene-porphyrin complex. 

The complete data set was constituted of 60 frames (Table 2.11). 

Cell parameters were determined using MOSFLM [2]. Data were scaled and 

merged using SCALA [14]. Unit cell parameters and scaling statistics are reported in 

Table 2.11. 

 
Table 2.11: Details of the data collection and scaling statistics for nickel-calixarene-porphyrin 

crystals grown at pH 9.5. 

 Nickel – calixarene – porphyrin (pH 9.5) 

 Data collection details 

Wavelength (Å) 1.00 

∆ϕ (°) 1 

Detector distance (mm) 40 

N° frames 60 

Temperature (K) 100 

 Unit cell parameters 

Space group I 41/a 

a (Å), c (Å) 52.940(1), 48.905(1) 

Volume (Å
3
) 137063(8) 

 Scaling statistics 

Resolution range (outer shell) 17.96-1.19 (1.19-1.13) 

Rmerge (outer shell) 0.084 (0.419) 

<I>/σ(I) all data (outer shell) 7.7 (1.6) 

N° reflections (outer shell) 25126 (3657) 

Completeness (outer shell) 99.4% (100.0%) 

Redundancy (outer shell) 2.3 (2.2) 

 

2.3.2.2 Structure determination 

Since it was not possible to refine the structure previously obtained for the 

calixarene-porphyrin complex with the new diffraction data, the structure was solved in 

I 41/a space group by direct methods, using the software SHELX [6] and Fourier 

analyses, and refined by the full-matrix least-squares based on F2, using SHELXL-97 

[9]. In the electron density of the asymmetric unit, two calixarene molecules and a 

whole porphyrin molecule were located. Another half porphyrin molecule, close to the 
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previous, is intramolecularly related by an inversion centre. Each calixarene hosts a 

sodium ion between the substituents of the lower rim. According to the presence of the 

inversion centre, a calixarene-porphyrin complex similar to the previous was obtained. 

However, at the interface between the calixarenes no bridging sodium ions were 

detected, while in this region three nickel ions were found to interact with the 

carboxylate groups of the lower rim of calixarenes. The coordination sphere of these 

ions is completed by water molecules and by a nitrogen of a pyridine ring of the 

crystallographically independent porphyrin. In the asymmetric unit, 25 water molecules, 

at full or partial occupancy, and 4 further sodium ions were identified. 

Refinement of the structure was performed by the full-matrix least-squares based 

on F2, using SHELXL-97 [9]. During the refinement, restraints for some carboxylate 

groups of the lower rim and for the aromatic groups of the calixarene molecules have 

been introduced in the model. In the final refinement, hydrogen atoms were included at 

calculated positions with exclusion of methyl groups that can rotate about their local 

three-fold axes. All non-hydrogen non-disordered atoms were treated anisotropically. 

The SQUEEZE function of the program PLATON [27] reveals a residual electron 

density of 1831 electrons/cell (corresponding to 6 water molecules in the asymmetric 

unit) in cell-remaining voids (58.5 % of cell volume). A refinement using reflections 

modified by the SQUEEZE procedure behaved well, and the R-factors were 

significantly reduced from 0.31 to 0.16. Details of the refinement are reported in Table 

2.12. 

 
Table 2.12: Refinement statistics of the nickel-calixarene-porphyrin complex at pH 9.5. 

 Nickel – calixarene – porphyrin (pH 9.5) 

Formula C274H252N24O120S16Na4Ni6·3Na·9H2O 

Formula weight  7636.6 

Z 8 

Calculated density (g cm
-3

) 0.722 

F(000) 30864 

µ(mm
-1

) 0.646 

Reflections (all / independent) 57473 / 25126 

Observed reflections  [Fo>4σ(Fo)] 13555 

Data / restraints / parameters 31195 / 16 / 2068 

R[I>2.0σ(I)] 0.1477 

R(all data)  0.2079 

wR2 [I>2.0σ (I)] 0.34 

Goodness of fit 1.719 
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2.3.3 Crystallization of an analogous complex using calixarene and 

copper-porphyrin 

The copper porphyrin, 3 (Scheme 2.2), analogous to the previously used meso-

tetrakis(4-N-methylpyridyl)porphyrin, 2 (Scheme 2.1), was synthesized as sodium salt, 

by the research group of Professor Purrello, at the University of Catania. 

          

3 
 

Scheme 2.2 
 

2.3.3.1 Crystallization 

A supramolecular complex was prepared mixing a water solution of calixarene 1 

(final concentration 4.4 mM) and a water solution of copper porphyrin 3 (final 

concentration 3.3 mM). Single crystals of this complex were obtained at 20°C using the 

vapour diffusion crystallization method, on a hanging drop setting. The crystallization 

conditions used were analogous to the ones used for the crystallization of the complex 

between calixarene 1 and porphyrin 2, i.e. drops containing 2 µL of calixarene-copper 

porphyrin solution and 2 µL of the reservoir solution were set to equilibrate against a 

well containing, as precipitant solution, polyethylenglicol (PEG) 300 30-70% and 

buffered at pH 9.5 with an ammonium chloride solution (100 mM). Red rod-shaped 

crystals of typical dimensions of 0.4 mm x 0.1 mm x 0.1 mm grew in 2 to 6 months.  

Diffraction data collection was performed at the XRD1 beamline of the synchrotron 

facility of Elettra (Trieste, Italy), using a monochromatic wavelength of 1.00 Å. A single 

crystal was mounted using a loop and flash frozen in a nitrogen stream (100 K). The 

cryoprotectant (PEG) was already present in the mother solution. Determination of unit 

cell parameters and integration were performed using MOSFLM [2]. The software 

SCALA [14] was used for the scaling process. Details of the data collection, unit cell 

parameters and scaling statistics for the crystals of calixarene-copper porphyrin grown 

at pH 9.5 are reported in Table 2.13. 
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Table 2.13: Details of the data collection and scaling statistics for calixarene-copper porphyrin 

crystals grown at pH 9.5. 

 Calixarene – copper porphyrin (pH 9.5) 

 Data collection details 

Wavelength (Å) 1.00 

∆ϕ (°) 1 

Detector distance (mm) 40 

N° frames 71 

Temperature (K) 100 

 Unit cell parameters 

Space group I 41/a 

a (Å), c (Å) 50.404(1), 48.067(1) 

Volume (Å
3
) 122117(7) 

 Scaling statistics 

Resolution range (outer shell) 15.94-1.05 (1.11-1.05) 

Rmerge (outer shell) 0.068 (0.440) 

<I>/σ(I) all data (outer shell) 13.9 (2.4) 

N° reflections (outer shell) 27857 (3908) 

Completeness (outer shell) 99.2% (95.6%) 

Redundancy (outer shell) 2.7 (2.6) 

 

 

2.3.3.2 Structure determination 

Since it was not possible to refine the structure previously obtained for the 

calixarene-porphyrin complex with the new diffraction data, the structure was solved in 

I 41/a space group by the heavy atom method, using the software SHELX [6] and 

Fourier analyses, and refined by the full-matrix least-squares based on F2, using 

SHELXL-97 [9]. The analysis of the Patterson map revealed the presence of two 

copper atoms, one at full occupancy and the other in a special position, i.e. a centre of 

symmetry. The first Fourier analysis allows the determination of a crystallographycally 

independent porphyrin and a half independent porphyrin close to these metallic ions. 

Moreover, the shape of two independent calixarenes was recognized. Each calixarene 

hosts a sodium ion between the substituents of the lower rim. According to the 

presence of the inversion centre, a calixarene-porphyrin complex similar to the 

previous was obtained. At the interface between the calixarenes a bridging sodium ion 

was detected, in a position similar to the one obtained in the first structure of crystals of 

calixarene-porphyrin complex grown at pH 9.5. In the asymmetric unit, a 

polyethylenglicol (PEG) molecule, deriving from the reservoir solution used in the 

crystallization protocol, 4 water molecules, both at full and partial occupancy, and 7 

further sodium ions were identified. 

Refinement of the structure was performed by the full-matrix least-squares based 

on F2, using SHELXL-97 [9]. During the refinement, restraints for a disordered solfonic 

group of a calixarene molecule and for the PEG molecule have been introduced in the 

model. In the final refinement, hydrogen atoms were included at calculated positions 
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with exclusion of methyl groups that can rotate about their local three-fold axes. All 

non-hydrogen non-disordered atoms were treated anisotropically. The SQUEEZE 

function of the program PLATON [27] reveals a residual electron density of 7342 

electrons/cell (corresponding to 25 water molecules in the asymmetric unit) in cell-

remaining voids (52.7 % of cell volume). A refinement using reflections modified by the 

SQUEEZE procedure behaved well, and the R-factors were significantly reduced from 

0.15 to 0.11. Details of the refinement are reported in Table 2.14. 

 
Table 2.14: Refinement statistics of the calixarene-copper porphyrin complex at pH 9.5.  

 Calixarene – copper porphyrin (pH 9.5) 

Formula C276H204N24O96S16Na6Cu3·C12O7H26·14Na·56H2O 

Formula weight  7847.2 

Z 8 

Calculated density (g cm
-3

) 0.853 

F(000) 32584 

µ(mm
-1

) 0.554 

Reflections (all / independent) 75771 / 27375 

Observed reflections  [Fo>4σ(Fo)] 17009 

Data / restraints / parameters 27375 / 36 / 2022 

R[I>2.0σ(I)] 0.1064 

R(all data)  0.1275 

wR2 [I>2.0σ (I)] 0.2754 

Goodness of fit 1.098 

 

2.3.3.3 Diffusion of zinc and nickel ions in crystals of the calixarene-copper 

porphyrin complex 

On the crystals of the calixarene-copper porphyrin soaking experiments were 

conducted similarly to those on calixarene-porphyrin crystals. A drop of solution of the 

metal ion was prepared near to the drop containing the crystals. Then the two drops 

were mixed allowing the diffusion of the second solution in the crystal channels. The 

experiment was set up so that the metal ion and the complex were almost equimolar, 

using concentrated stock solution of the metal ion. As for the non-metalled complex, 

the diffusion of the metal ions damaged the crystals and changed the colour of the 

mother solution, but not that of the crystals. The concentration of the stock solution, the 

volume of the drop used for the soaking experiment and the time of diffusion were 

reported for each soaking experiment on Table 2.15. 

The data collections were performed at the XRD1 beamline of the synchrotron 

facility of Elettra (Trieste, Italy), using a monochromatic wavelength of 1.00 Å. Crystals 

were mounted using a loop and flash frozen in a nitrogen stream (100 K). The 

cryoprotectant (PEG) was already present in the mother solution. Unit cell parameters 

determinations and integrations were performed using DENZO [3], while the software 

SCALEPACK [3] was used for the scaling process. Details of the data collection, unit 

cell parameters and scaling statistics for the crystals of calixarene-copper porphyrin 
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grown at pH 9.5, soaked with metal ions, are reported in Table 2.15. Soaking 

experiments were carried out also using cobalt, cadmium and copper solutions, but the 

quality of the crystals was not suitable for the diffraction experiment. 

 
Table 2.15: Details of the soaking experiments and the data collections on metal ions diffused 

inside calixarene-copper porphyrin crystals grown at pH 9.5. 

 Zn
2+

 Ni
2+

 

 Soaking details 

Stock solution ZnCl2 0.02M NiCl2 0.02M 

Volume of soaking drop (µL) 1 1 

Time of diffusion 5 days 20 h 

 Data collection details 

Wavelength (Å) 1.00 1.00 

∆ϕ (°) 1 1 

Detector distance (mm) 40 50 

N° frames 90 67 

Temperature (K) 100 100 

 Unit cell parameters 

Space group I 41/a I 41/a 

a (Å), c (Å) 49.3056(11), 49.6848(6) 50.17(5), 49.46(5) 

Volume (Å
3
) 120786(7) 124500(200) 

 Scaling statistics 

Resolution range (outer shell) 50.00-1.09 (1.13-1.09) 50.00-1.50 (1.55-1.50) 

Rmerge (outer shell) 0.089 (0.423) 0.073 (0.484) 

<I>/σ(I) all data (outer shell) 12.0 (2.2) 9.1 (2.4) 

N° reflections (outer shell) 24336 (2349) 9617 (951) 

Completeness (outer shell) 97.9% (94.8%) 96.9% (96.8%) 

Redundancy (outer shell) 3.6 (3.1) 2.8 (2.8) 

 

2.3.3.4 Refinement of the structure of the crystal soaked with zinc ions 

Since it was not possible to refine the structure previously obtained for the 

calixarene-copper porphyrin complex with the new diffraction data, the structure was 

solved in I 41/a space group by direct methods, using the software SHELX [6] and 

Fourier analyses, and refined by the full-matrix least-squares based on F2, using 

SHELXL-97 [9]. In the electron density of the asymmetric unit, two calixarene 

molecules and a whole porphyrin molecule, containing a copper ion in the centre, were 

located. Another half porphyrin molecule, close to the previous, is intramolecularly 

related by an inversion centre. The copper ion in the centre of this porphyrin is located 

in an inversion centre, thus having a statistical occupation factor of 50%. According to 

the presence of the inversion centre, a calixarene-porphyrin complex similar to the 

previous was obtained. As in the previous structures, each calixarene hosts a sodium 

ion, at full occupancy, between the substituents of the lower rim and, at the interface 

between calixarenes, a bridging sodium ion was detected. Moreover, in the same 

region, two zinc ions were found to interact with two carboxylate groups of the lower 

rims of calixarenes, externally with respect to the central sodium ion. The tetrahedral 

coordination sphere of both ions is completed by a chloride ion and a water molecule. 

In the asymmetric unit, 6 water molecules, 3 molecules of PEG, used as precipitant 
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during crystallization, at 0.5 occupancy and only partially defined in the electron 

density, and 5 further sodium ions were identified. 

Refinement of the structure was performed by the full-matrix least-squares based 

on F2, using SHELXL-97 [9]. During the refinement, restraints for bond distances and 

angles of PEG molecules have been introduced in the model. In the final refinement, 

hydrogen atoms were included at calculated positions with exclusion of methyl groups 

that can rotate about their local three-fold axes. All non-hydrogen non-disordered 

atoms were treated anisotropically. The SQUEEZE function of the program PLATON 

[27] reveals a residual electron density of 6973 electrons/cell (corresponding to 24 

water molecules in the asymmetric unit) in cell-remaining voids (50.6% of cell volume). 

A refinement using reflections modified by the SQUEEZE procedure behaved well, and 

the R-factors were significantly reduced from 0.11 to 0.08. Details of the refinement are 

reported in Table 2.16. 

 
Table 2.16: Refinement statistics of the calixarene-copper porphyrin complex at pH 9.5, soaked 

with a zinc solution. 

 Calixarene – copper porphyrin (pH 9.5) soaked with Zn
2+

 

Formula C276H212N24O100S16Na6Cu3Zn4Cl4·3C4H10O3·10Na·12H2O 

Formula weight  7473.9 

Z 8 

Calculated density (g cm
-3

) 0.814 

F(000) 30696 

µ(mm
-1

) 0.955 

Reflections (all / independent) 44701 / 23971 

Observed reflections  [Fo>4σ(Fo)] 15713 

Data / restraints / parameters 23971 / 29 / 2120 

R[I>2.0σ(I)] 0.0853 

R(all data)  0.1121 

wR2 [I>2.0σ (I)] 0.228 

Goodness of fit 0.978 

 

2.3.3.5 Refinement of the structure of the crystal soaked with nickel ions 

The structure was solved in I 41 space group by molecular replacement using the 

software AMORE [8]. The spatial coordinates of the 4:3 calixarene-porphyrin unit was 

used as a model. From the first electron density map, obtained after locating the model 

in the asymmetric unit, it was possible to recognise immediately the positions of the 

copper ions, in the centre of the porphyrins. The coordinates of the atoms in the non-

centrosymmetric system were reduced to the centrosymmetric I 41/a space group, 

locating the additional centre of inversion in the position of the copper ion in the middle 

of the central porphyrin. 

Besides the sodium ion bridging the two asymmetric calixarenes, found in this 

structure as well as in the calixarene-copper porphyrin complex before soaking, the 

following Fourier analyses revealed the presence of three nickel ions, at partial 

occupancy, close to the carboxylate substituents of the lower rim of calixarene 
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molecules. The coordination sphere of these ions is completed by water molecules, 

only partially recognizable due to the low resolution of this structure. 

The structure was refined by the full-matrix least-squares based on F2, using 

SHELXL-97 [9]. Two calixarene molecules, 1.5 molecules of porphyrin (one disposed 

about a centre of inversion), three nickel ions, at partial occupancy of 50%, 5 sodium 

ions, in addition to those hosted in the calixarene lower rims, a PEG molecule, at 50% 

occupancy, and 13 water molecules, at 50% occupancy, were located in the 

asymmetric unit. During refinement, geometric restraints for carboxylic groups and 

solfonic groups of calixarene molecules, for N-methylpyridinium groups of porphyrin 

molecules and for the PEG molecule have been introduced in the model. In the final 

refinement, hydrogen atoms were included at calculated positions with exclusion of 

methyl groups that can rotate about their local three-fold axes. Because of the low 

resolution of the structure and to the low number of data, nickel, copper, sulphur, 

oxygen and sodium atoms at full occupancy were treated anisotropically, while all other 

atoms were refined isotropically. During refinement, thermal parameters of 

neighbouring atoms were restrained to be approximately equal, using the SIMU card of 

SHELXL-97 [9]. An extinction parameter has been refined using the card EXTI of the 

program SHELXL-97 [9].  

The SQUEEZE function of the program PLATON [27] reveals a residual electron 

density of 13060 electrons/cell (corresponding to 45.5 water molecules in the 

asymmetric unit) in cell-remaining voids (55.3% of cell volume). A refinement using 

reflections modified by the SQUEEZE procedure behaved well, and the R-factors were 

significantly reduced from 0.33 to 0.14. Essential crystal data and refinement details 

are reported in Table 2.17. 

 
Table 2.17: Refinement statistics of the calixarene-copper porphyrin complex at pH 9.5, soaked 

with nickel ions. 

 Calixarene – copper porphyrin (pH 9.5) soaked 
with Ni

2+
 

Formula C276H222N24O105S16Na6Cu3Ni3·C4H10O3·8Na·95H2O 

Formula weight  8574.0 

Z 8 

Calculated density (g cm
-3

) 0.915 

F(000) 35800 

µ(mm
-1

) 0.772 

Reflections (all / independent) 27009 / 9419 

Observed reflections  [Fo>4σ(Fo)] 5894 

Data / restraints / parameters 9419 / 579 / 1074 

R[I>2.0σ(I)] 0.1231 

R(all data)  0.1456 

wR2 [I>2.0σ (I)] 0.3099 

Goodness of fit 1.237 
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2.3.4 Resorcarene – porphyrin complex 

In addition to the possible complexation, already described, of the porphyrin 

molecule 2 with a calixarene molecule, through a self-assembly synthesis, a new 

complex was obtained using as cavitand molecule a resorcarene molecule 4 (Scheme 

2.3). The synthesis of the cavitand was performed by the research group of Professor 

Dutasta, at the École Normale Supérieure de Lyon - CNRS (France). In the following 

complexation, the iodide salt of the meso-tetrakis(4-N-methylpyridyl)porphyrin, 2, was 

used. 
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Scheme 2.3 

 

 

2.3.4.1 Crystallization and data collection 

The porphyrin 2 is soluble in water, on the contrary, the cavitand 4 is not, but it can 

be dissolved in chloroform. Thus, a solution of the cavitand in chloroform was 

prepared, then the porphyrin was added as a solid. As the complex is forming, the 

solubility of the porphyrin increases. The molar ratio cavitand/porphyrin in the final 

chloroform solution was 4:1. Orange-brown platelet-shaped crystals of the complex 

suitable for X-ray diffraction analysis were grown by liquid diffusion of n-hexane and 

slow evaporation of chloroform. The crystals grew at their full dimensions in two weeks. 

Data collection was performed at the X-ray diffraction beamline of Elettra 

synchrotron (Trieste, Italy), using a monochromatic beam of wavelength 0.9 Å. Crystals 

were mounted in a nylon loop and frozen to 100 K by a nitrogen stream. Paratone was 

used as cryoprotectant. The diffraction data were indexed and integrated using 

DENZO [3] and scaled with SCALEPACK [3]. Data collection details, unit cell 

parameters and scaling statistics are reported in Table 2.18. 
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Table 2.18: Details of the data collection and scaling statistics for resorcarene-porphyrin 

crystals. 

 Resorcarene – porphyrin complex 

 Data collection details 

Wavelength (Å) 0.90 

∆ϕ (°) 1 

Detector distance (mm) 50 

N° frames 92 

Temperature (K) 100 

 Unit cell parameters 

Space group P c a 21 

a (Å), b (Å), c (Å) 28.285(1), 32.5755(8), 51.646(2) 

Volume (Å
3
) 47381.92 

 Scaling statistics 

Resolution range (outer shell) 50.00 – 0.98 (1.02 – 0.98) 

Rmerge (outer shell) 0.071 (0.705) 

<I>/σ(I) all data (outer shell) 20.8 (1.6) 

N° reflections (outer shell) 25210 (2671) 

Completeness (outer shell) 89.3% (96.5%) 

Redundancy (outer shell) 2.9 (2.9) 

 

 

2.3.4.2 Structure determination 

The structure was solved in P ca21 space group by direct methods using SHELXS 

[6]. In the asymmetric unit, four phosphonato-resorcarene molecules and a porphyrin 

molecule were located. The cavitand molecules are arranged around the porphyrin 

molecule showing a host-guest complexation between the N-methylpiridinium group of 

the porphyrin and the aromatic cavity of the resorcarene. Moreover, close to the lower 

rim of the resorcarene molecules, 4 iodide ions, balancing the positive charge of the 

central porphyrin, and 20 chloroform molecules were located. The refinement of the 

structure was performed using the full-matrix least-squares based on F2, with the 

software SHELXL-97 [9], and direct analysis of the Fourier density maps. During the 

refinement, restraints were applied to the bond distances and angles of pyridyl and 

phenyl groups and of chloroform molecules. In the final refinement, hydrogen atoms 

were included at calculated positions and non-hydrogen non-disordered atoms were 

treated anisotropically. The SQUEEZE function of the program PLATON [27] reveals a 

residual electron density of 815 electrons/cell in cell-remaining voids (10% of cell 

volume). A refinement using reflections modified by the SQUEEZE procedure behaved 

well, and the R-factors were significantly reduced from 0.172 to 0.130. Refinement 

details are reported in Table 2.19. 

Crystallographic data (excluding structure factors) for this structure have been 

deposited with the Cambridge Crystallographic Data Centre, code CCDC-631614. 
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Table 2.19: Refinement statistics of the resorcarene-porphyrin complex. 

 Resorcarene – porphyrin complex 

Formula [(C84H68O12P4)4·(C44H38N8)·I4]·20CHCl3 

Formula weight  6097.89 

Z 4 

Calculated density (g cm
-3

) 1.451 

F(000) 18568 

µ(mm
-1

) 1.031 

Reflections (all / independent) 373003 / 24077 

Observed reflections  [Fo>4σ(Fo)] 16275 

Data / restraints / parameters 24077 / 6428 / 4577 

R[I>2.0σ(I)] 0.130 

R(all data)  0.157 

wR2 [I>2.0σ (I)] 0.320 

Goodness of fit 1.487 
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2.4 Polyoxometalate embedding of a tetraruthenium(IV)-oxo-core 

A new di-γ-decatungstosilicate embedding a tetra-ruthenium(IV)-oxo core, which 

shows promise as a water oxidation catalyst, was synthesized at the laboratories of the 

ITM-CNR and the Department of Chemical Sciences, University of Padova. 

Cs10[Ru4(µ-O)4(µ-OH)2(H2O)4(γ-SiW10O36)2] (Cs105) is obtained by reacting the divacant 

POM, [γ-SiW10O36]
8- (γ-SiW10) with µ-oxo-bispentachlororuthenate(IV), Ru2OCl10

4-, in 

aqueous solution (Scheme 2.4). 

  

Cs105  

Scheme 2.4 

 

For the synthesis, the following procedure was applied: 262 mg (0.359 mmol) of 

K4Ru2OCl10 were dissolved in 30 ml of deionized water; 1 g (0.336 mmol) of K8γ-

SiW10O36·12H2O was then added. The dark brown solution has a pH of 6.2, and it is 

kept at 70°C for 1 h; after heating the pH is 1.8, and the solution is filtered. Excess of 

CsCl (4.4 g, 26.1 mmol) is added to precipitate the product as the Cs salt, which is 

then washed three times with 2-3 ml of cold water; yield of crude Cs105: 980 mg (85%). 

Cs105 was then dissolved in 100 ml of water to prepare the lithium salt after cation 

exchange by eluting it through a cation exchange resin, charged with Li+; yield of crude 

Li105: 800 mg. The crude lithium salt was then purified on a exclusion dimensional 

sephadex G-50 column (10 g of stationary phase for 1 g of crude Li105, dissolved in 5 
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ml of water), discarding an initial fraction of about 50 mg; after the elution the stationary 

phase remains black, probably due to some low molecular weight ruthenium species. 

700 mg of the purified Li105 were finally obtained after removal of the solvent (75% 

yield, based on initial W). 

 

2.4.1 Crystallization 

Brown prismatic crystals of Cs10[Ru4(µ-O)4(µ-OH)2(H2O)4(γ-SiW10O36)2]·10H2O 

suitable for X-ray analysis were grown from a 2.8 mM water solution of Li105 acidified 

at pH = 2.0 with HNO3, containing 35 mM CsCl, by slow evaporation of the solvent. A 

crystal, soaked with Paratone, was mounted on a glass fiber. Data collection was 

performed on a Bruker Nonius Fr590 Image Plate diffractometer using MoKα radiation 

(λ=0.71073 Å) with the rotating crystal method. The diffraction data were indexed and 

integrated using MOSFLM [2] and scaled with SCALA [14]. Crystallization and data 

collection statistics are reported in Table 2.20. 

 
Table 2.20: Details of the data collection and scaling statistics for a crystal of Cs105. 

 Cs105 

 Data collection details 

Wavelength (Å) 0.71073 

∆ϕ (°) 3 

Detector distance (mm) 110 

N° frames 60 

Temperature (K) 293 

 Unit cell parameters 

Space group C 2/c 

a (Å), b (Å), c (Å) 36.988(5), 12.456(5), 22.121(5) 

β (°) 93.44(5) 

Volume (Å
3
) 10173(8) 

 Scaling statistics 

Resolution range (outer shell) 14.60-0.85 (0.90-0.85) 

Rmerge (outer shell) 0.116 (0.329) 

<I>/σ(I) all data (outer shell) 9.9 (3.0) 

N° reflections (outer shell) 9038 (1282) 

Completeness (outer shell) 99.5% (99.0%) 

Redundancy (outer shell) 3.4 (3.4) 
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2.4.2 Structure determination 

The structure was solved in C 2/c space group (unit cell parameters in Table 2.20) 

by direct methods using SHELXS [6] and Fourier analyses and refined by the full-

matrix least-squares based on F2 using SHELXL-97 [9]. The electron density maps and 

the refinement of the structure showed that in the unit cell there are 4 [Ru4(µ-O)4(µ-

OH)2(H2O)4(γ-SiW10O36)2]
10- anions, each intramolecularly related by a crystallographic 

two-fold axis passing through two opposite µ-oxo Ru-O-Ru bridges. BVS calculations 

(4.08(12) for Ru atom) confirm the valence of the four ruthenium centres (see Chapter 

5). 

The analysis of the electron density maps of the asymmetric unit revealed the 

presence of 5 Cs+ ions, three of them split in 9 sites with partial occupancy and 5 water 

molecules localized in one site at full occupancy and 8 sites with half occupancy. In the 

final refinement, all non hydrogen atoms of the framework, Cs+ sites at highest 

occupancy (>0.20) and the ordered water molecule were treated anisotropically. 

Absorption correction using XABS2 was applied . Essential crystal data and refinement 

details are reported in Table 2.21. 

Table 2.21: Refinement statistics of the Cs105 structure. 

 Cs105 

Formula Cs10[Ru4(µ-O)4(µ-OH)2(H2O)4(γ-SiW10O36)2]·10H2O 
Formula weight  3484.4 

Z 4 

Calculated density (g cm
-3

) 4.55 

F(000) 12000 

µ(mm
-1

) 26.737 

Reflections (all / independent) 54396 / 8606 

Observed reflections  [Fo>4σ(Fo)] 6210 

Data / restraints / parameters 8606 / 0 / 608 

R[I>2.0σ(I)] 0.0717 

R(all data)  0.0953 

wR2 [I>2.0σ (I)] 0.2368 

Goodness of fit 1.000 
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2.5 Resorcarene – alcohols complexes 

In addition to the complexation properties towards ammonium cations and alkali 

metals, phosphonato resorcarene cavitands are examined for the complexation of 

neutral molecules. In previous studies, the best complexation results were obtained 

with alcoholic guests [29]. Therefore, the following experiments were designed to 

evaluate such complexation properties of a phosphonato cavitand towards short chain 

alcohols. 

 

2.5.1 Resorcarene – single alcohol complexes 

The synthesis of the phosphonato resorcinarene cavitand Tiiii[H,CH3,CH3], 6 

(Scheme 2.5), with the phosphonato groups pointing inward the cavity, was performed 

by the research group of Professor Dalcanale at the University of Parma. 

 

6 
 

Scheme 2.5 

 

2.5.1.1 Crystallizations and data collections 

The first crystallization experiments with the cavitand 6 were performed from a  

trifluoroethanol (TFE) solution, through evaporation of the solvent that increases the 

concentration of the sample. As suggested from the results of these trials, the 

presence of TFE allows the easy and fast growth of crystals of Tiiii[H,CH3,CH3]. Thus, 

repeated crystallization experiments with small quantities of sample were set up using 

microcrystallizaton techniques. Due to the low surface tension of the alcoholic solution, 

the sitting drop method was chosen, with Linbro plates and microbridges to deposit the 

crystallization drop. A reservoir solution composed by TFE (50% volume/volume) and 

different alcohols (50%), acting both as precipitants and as guests of the cavitand, was 

introduced in the well (total volume 1 mL), while the sample drop was constituted by 7 

µL of the cavitand solution in TFE. As guests/precipitants, methanol, ethanol, 1-

propanol, 2-propanol, 1-butanol, 2-butanol and 1-pentanol were used. The lower chain 
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alcohols allows a faster growth of this kind of crystals, which reach their full dimensions 

in 2 days, while crystallizations with the longer chain alcohols require 4 days for the 

crystals to grow.  

The first data collection, on a Tiiii[H,CH3,CH3] crystal grown in presence of ethanol, 

was performed at the Department of Chemical Sciences of the University of Trieste, on 

a conventional X-ray source, i.e. a copper rotating anode diffractometer (λ = 1.5418 Å), 

using MarResearch Area-CCD detector (diameter 165 mm). Crystals were mounted in 

a nylon loop and frozen to 100 K by a nitrogen stream. Paratone was used as 

cryoprotectant. Data were indexed, integrated and scaled, using DENZO and 

SCALEPACK [3], respectively. Due to the atomic resolution of data sets, the first 

structure was solved using these data. However, to improve the resolution of the 

structure and increase the number of data collected, the following data collections were 

performed at the X-ray diffraction beamline of Elettra synchrotron (Trieste, Italy), using 

a monochromatic beam of wavelength 0.9 Å. Data collection details are reported in 

Table 2.22. 

Due to the statistic method applied for the data analysis (see forward), the number 

of reflections collected revealed to be a crucial parameter. The same mounting 

procedure was applied for data collections using both conventional light source and 

synchrotron radiation. The diffraction data were indexed and integrated using DENZO 

[3] and scaled with SCALEPACK [3]. Unit cell parameters and scaling statistics for all 

the structures of the cavitand Tiiii[H,CH3,CH3] with single alcoholic guests are reported 

in Table 2.22. 
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Table 2.22: Details of the data collection and scaling statistics for resorcarene crystals 

containing different single guests. 

 Methanol Ethanol 
1-

Propanol 
2-

Propanol 
1-Butanol 2-Butanol 

1-
Pentanol 

Data collection details 

Waveleng
th (Å) 

0.9 0.9 0.9 0.9 0.9 0.9 0.9 

∆ϕ (°) 3 3 3 3 3 3 3 

Detector 

distance 
(mm) 

40 40 40 40 40 40 40 

N° frames 60 60 60 60 60 120 60 

Temperat

ure (K) 
100 100 100 100 100 100 100 

Unit cell parameters 

Space 

group 
P 21/c P 21/c P 21/c P 21/c P 21/c P 21/c P -1 

a (Å), b 

(Å), c (Å) 

12.189(6), 

22.022(6), 

17.707(6) 

12.305(6), 

21.864(6), 

17.644(6) 

12.221(6), 

21.744(6), 

17.784(6) 

12.474(6), 

21.804(6), 

17.785(6) 

12.382(6), 

21.784(6), 

18.034(6) 

12.551(6), 

21.638(6), 

17.933(6) 

12.534(6), 

13.508(6), 

16.104(6) 

α (°), β 

(°), γ(°) 

90, 
103.97(1), 

90 

90, 
104.16(1), 

90 

90, 
103.53(1), 

90 

90, 
105.20(1), 

90 

90, 
104.13(1), 

90 

90, 
104.78(1), 

90 

86.72(1), 
87.16(1), 

85.17(1) 

Volume 

(Å
3
) 

4612(3) 4603(3) 4595(3) 4668(3) 4613(3) 4709(3) 2709(2) 

Scaling statistics 

Resolutio

n range 

(outer 

shell) 

11.85-0.85 

(0.90-0.85) 

11.15-0.85 

(0.90-0.85) 

9.20-0.85 

(0.89-0.85) 

9.20-0.85 

(0.90-0.85) 

11.26-0.85 

(0.90-0.85) 

11.40-0.85 

(0.90-0.85) 

10.05-0.85 

(0.90-0.85) 

Rmerge 
(outer 

shell) 
4.5 (12.3) 4.2 (9.4) 3.7 (10.0) 3.4 (9.1) 6.7 (17.4) 9.1 (43.9) 3.2 (5.5) 

<I>/σ(I) 
all data 

(outer 

shell) 

15.8 (7.0) 21.5 (12.5) 21.0 (10.3) 22.0 (10.7) 15.9 (6.5) 8.5 (3.5) 18.1 (11.6) 

N° 

reflection

s (outer 
shell) 

6891 (814) 7214 (913) 7604 (912) 
7827 

(1008) 
6866 (782) 7475 (940) 

8037 

(1013) 

Complete

ness % 

(outer 

shell) 

87.0 (74.3) 92.6 (81.0) 95.2 (78.1) 98.5 (86.1) 85.1 (65.1) 93.3 (79.2) 87.6 (74.3) 

Redunda

ncy (outer 
shell) 

2.8 (2.7) 4.5 (4.1) 3.6 (3.2) 3.5 (3.1) 5.2 (4.4) 3.4 (3.1) 2.0 (1.9) 
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2.5.1.2 Structure determinations  

The first structure, of the complex between Tiiii[H,CH3,CH3] cavitand and ethanol, 

was solved in P 21/c space group by direct methods using SHELXS [6]. In the 

asymmetric unit, a resorcarene molecule and two TFE molecules were located. 

Moreover, the electron density present in the centre of the cavity was assigned to a 

molecule of guest, ethanol. The following structures of the same cavitand with 

methanol, 1-propanol, 2-propanol, 1-butanol and 2-butanol (racemic mixture) as 

alcoholic guests resulted to be isomorphous and, thus, were refined starting form the 

model obtained from the first dataset. In each structure, the alcohol used as precipitant 

in the crystallization experiment was found acting as guest in the cavity. In the crystal 

structure containing methanol, two position were found for the alcoholic guest, at 

partial occupancy of 88% and 12%, respectively. The former molecule shows an 

additional interaction with a water molecule with the same occupancy factor. A disorder 

that regards the guest molecule was also observed in the structures containing 1-

propanol and 2-butanol. In the former, the second carbon atom of the alkyl chain of the 

alcohol was displaced in two positions at occupancy of 54% and 42%, respectively, 

whereas, in the structure containing 2-butanol, the disorder regards the oxygen atom 

and two positions with occupancy factors of 60% and 40% were recognized, at about 

100° of rotation each other. 

The structure of the crystal grown in presence of 1-pentanol as precipitant was 

solved in the P -1 space group by direct methods using SHELXS [6]. In this structure, 

the electron density in the centre of the cavity was not assigned to a pentanol 

molecule, but to a TFE molecule. In the asymmetric unit, a molecule of cavitand and 

five molecules of TFE were located. 

The refinement cycles of all structures were performed using the full-matrix least-

squares based on F2, with the software SHELXL-97 [9], and direct analysis of the 

Fourier density maps. The high resolution of the diffraction images (0.85 Å) and the 

huge number of reflections collected thanks to the high intensity of the synchrotron 

source, allowed the anisotropic refinement of thermal parameters both of resorcarene 

and alcohols. All hydrogen atoms were added to the model at fixed distances from the 

carbon atom, with thermal parameters dependent on the ones of the carbon atom. The 

torsional angle of the methyl groups has been refined. In the structure containing 

methanol, the occupancy factor of the two molecules of alcohol and of the water 

molecule were refined to be complementary. Refinement details for the structures of 

the cavitand Tiiii[H,CH3,CH3] with single alcoholic guests are reported in Table 2.23. 
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Table 2.23: Refinement statistics for resorcarene structures containing different single guests. 

 

 Methanol Ethanol 1-Propanol 2-Propanol 1-Butanol 2-Butanol 1-Pentanol 

Formula 

[C36H36P4O1

2·CH4O] 
·0.88H2O 

·2C2H3OF3 

[C36H36P4O1

2·C2H6O] 
·2C2H3OF3 

[C36H36P4O1

2·C3H8O] 
·2C2H3OF3 

[C36H36P4O1

2·C3H8O] 
·2C2H3OF3 

[C36H36P4O1

2·C4H10O] 
·2C2H3OF3 

[C36H36P4O1

2· C4H10O] 
·2C2H3OF3 

[C36H36P4O1

2·C2H3OF3] 
·4C2H3OF3 

Formula 

weight 
1087.42 1030.68 1044.71 1044.71 1058.74 1058.74 1284.75 

Z 4 4 4 4 4 4 2 

Calculate

d density 

(g cm
-3

) 

1.566 1.487 1.51 1.487 1.525 1.493 1.575 

F(000) 2243 2136 2168 2168 2200 2200 1316 

µ(mm
-1

) 0.458 0.434 0.436 0.429 0.436 0.427 0.439 

Reflectio

ns (all / 

independ
ent) 

19287 / 

6738 

32442 / 

7033 

27181 / 

7367 

27523 / 

7581 

35935 / 

6731 

25134 / 

7291 

15788 / 

8025 

Observed 

reflection

s  

[Fo>4σ(F

o)] 

6039 6675 6583 6813 5801 5884 7299 

Data/ 

restraints
/ 

paramete

rs 

6738 / 6 / 

690 

7033 / 0 

/617 

7367 / 6 / 

638 

7581 / 5 / 

675 

6731 / 0 / 

634 

7291 / 13 / 

639 

8025 / 0 / 

725 

R[I>2.0σ(

I)] 
0.0451 0.0568 0.0439 0.0455 0.0756 0.1001 0.0506 

R(all 

data) 
0.0506 0.0586 0.0491 0.0508 0.0855 0.1134 0.0548 

wR2 [I> 
2.0σ (I)] 

0.1137 0.1568 0.1152 0.1184 0.1996 0.2652 0.1349 

Goodnes

s of fit 
1.034 1.022 1.075 1.056 1.012 1.052 1.036 

 

 

2.5.2 Co-crystallization of two alcoholic guests 

Co-crystallization experiments of the cavitand Tiiii[H,CH3,CH3] were set up using the 

same microcrystallization technique applied for the single guest crystallizations, i.e. the 

sitting drop method. The composition of the drop was the same for all the 

crystallization experiments (7 µL of the solution in TFE of the cavitand), while the 

composition of the reservoir was varied to include different alcoholic guest and different 

concentrations of each. In all trials, 1 mL of reservoir solution was dispensed in each 

well, 50% of the volume constituted by TFE. The remaining 500 µL were composed by 

different mixtures of two alcoholic guests in molar fractions of 2:8, 4:6, 6:4, 8:2. As 

alcoholic guests, the alcohols that in the previous crystallization experiments 

demonstrated complexation properties towards the cavitand were used, i.e. methanol, 

ethanol, 1-propanol, 2-propanol, 1-butanol and 2-butanol. A summary of the co-
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crystallization experiments is given in Table 2.24. In binary mixtures, the volume of 

each alcohol introduced in the reservoir was determined considering its density and 

molecular mass, so that the molar fractions were fixed. In particular, the following 

equation was applied to calculate these volumes: 

L
MdzMd

Md
zAV

r

ABA

r

BA

r

AB
A µ500)( ⋅

⋅⋅+⋅

⋅
=  (2.6), 

Az  being the ratio between the molar fraction of alcohol A and the molar fraction of 

alcohol B in the mixture, Ad  and Bd  the densities of each alcohol (expressed as g mL-

1) and 
r

AM  and 
r

BM  the relative molar masses of the alcohols (expressed as g mol-1). 

Density values were obtained from the Merck Index [30]: mLgd 791.0methanol = , 

mLgd 789.0ethanol = , mLgd 804.0propanol1 =
−

, mLgd 791.0propanol2 =
−

, 

mLgd 810.0butanol1 =
−

 e mLgd 808.0butanol2 =
−

. It was not possible to collect good 

quality data for the crystals grown in presence of ethanol and 1-butanol, in all the ratios 

between molar fractions used.  

 
Table 2.24: Composition of the reservoir solutions in co-crystallization experiments with binary 

mixtures of alcohols. 

B Molar 
fractions 
(volumes, 

µµµµL) A:B 
Ethanol 1-Propanol 2-Propanol 1-Butanol 2-Butanol 

Methanol 

0.2:0.8 (74-426) 
0.4:0.6 (158-342) 

0.6:0.4 (255-245) 

0.8:0.2 (368-132) 

0.2:0.8 (60-440) 
0.4:0.6 (133-367) 

0.6:0.4 (224-276) 

0.8:0.2 (342-158) 

0.2:0.8 (58-442) 
0.4:0.6 (130-370) 

0.2:0.8 (50-450) 
0.4:0.6 (114-386) 

0.4:0.6 (114-386) 

Ethanol  

0.2:0.8 (82-418) 

0.4:0.6 (171-329) 

0.6:0.4 (270-230) 

0.2:0.8 (80-420) 

0.4:0.6 (169-331) 

0.6:0.4 (267-233) 
X 0.4:0.6 (149-351) 

1-

Propanol 
  

0.2:0.8 (98-402) 

0.4:0.6 (197-303) 
0.6:0.4 (297-203) 

0.8:0.2 (398-102) 

0.2:0.8 (85-415) 

0.8:0.2 (283-117) 

0.2:0.8 (85-415) 

0.4:0.6 (176-324) 

2-

Propanol 
   

0.2:0.8 (86-414) 

0.6:0.4 (278-222) 

0.2:0.8 (86-414) 

0.4:0.6 (179-321) 

A 

1-

Butanol 
    

0.4:0.6 (200-300) 

0.6:0.4 (300-200) 

 

The data collections on crystals obtained from co-crystallization experiments were 

carried out at the XRD1 Elettra beamline, using monochromatic X-rays, wavelength 0.9 

Å. After cryoprotection with Paratone, the crystals were collected in nylon loops and 

flash frozen at 100 K by a nitrogen stream. Each data set was constituted of 60 frames, 

collected during a rotation of the crystal of 3°. The detector MarCCD was located at a 

fixed distance of 40 mm from the crystal.  

Data were integrated using MOSFLM [2] and scaled using SCALA [14]. Unit cell 

parameters for the co-crystallization experiments are given in Table 2.25.  
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Table 2.25: Unit cell parameters of crystals of Tiiii[H,CH3,CH3] grown in presence of binary 

mixtures of alcoholic guests. 

P 21/c 
Structure 

a (Å) b (Å) c (Å) β (°)β (°)β (°)β (°) 
Methanol:Ethanol 2:8 12.3125 21.8989 17.6528 103.9570 

Methanol:Ethanol 4:6 (1) 12.2869 21.9113 17.6501 104.2735 

Methanol:Ethanol 4:6 (2) 12.3168 21.9755 17.6953 104.0978 

Methanol:Ethanol 6:4 12.3045 21.9400 17.6361 104.2101 

Methanol:Ethanol 8:2 12.2432 21.8836 17.6533 103.9962 

Methanol:1-Propanol 2:8 12.2656 21.9235 17.7920 103.8710 

Methanol:1-Propanol 4:6 12.2550 21.9946 17.7319 103.7852 

Methanol:1-Propanol 6:4 12.2918 21.9386 17.8245 104.1782 

Methanol:1-Propanol 8:2 12.2023 21.9788 17.7311 103.9392 

Methanol:2-Propanol 2:8 12.3825 21.8372 17.7391 105.0385 

Methanol:2-Propanol 4:6 12.2900 21.9072 17.7776 104.3076 

Methanol:1-Butanol 2:8 12.2846 22.0579 17.7281 105.1994 

Methanol:1-Butanol 4:6 12.3023 22.0639 17.7954 105.5807 

Methanol:2-Butanol 4:6 12.2938 22.0550 17.7310 105.2564 

Ethanol:1-Propanol 2:8 12.3348 21.9096 17.7504 104.5037 

Ethanol:1-Propanol 4:6 12.3182 21.8896 17.6667 104.3783 

Ethanol:1-Propanol 6:4 12.3053 21.8672 17.6114 104.3707 

Ethanol:2-Propanol 2:8 12.3736 21.9300 17.6903 104.9088 

Ethanol:2-Propanol 4:6 12.3493 21.9209 17.6959 104.6636 

Ethanol:2-Propanol 6:4 (1) 12.3560 22.0006 17.6515 104.4803 

Ethanol:2-Propanol 6:4 (2) 12.3165 21.9261 17.6584 104.5299 

Ethanol:2-Butanol 4:6 12.2774 21.9383 17.7981 103.7455 

1-Propanol:2-Propanol 2:8 12.4219 21.7781 17.8241 104.8786 

1-Propanol:2-Propanol 4:6 (1) 12.3383 21.8612 17.8079 104.3235 

1-Propanol:2-Propanol 4:6 (2) 12.3480 21.8835 17.7868 104.4537 

1-Propanol:2-Propanol 6:4 12.3420 21.8601 17.8400 104.2637 

1-Propanol:2-Propanol 8:2 12.3237 21.8917 17.8283 104.1339 

1-Propanol:1-Butanol 2:8 12.3042 21.8544 17.8762 103.9091 

1-Propanol:1-Butanol 8:2 12.2873 21.9315 17.7972 103.8491 

1-Propanol:2-Butanol 2:8 12.4070 21.8138 17.8499 104.2039 

1-Propanol:2-Butanol 4:6 12.3308 21.8214 17.8122 103.9154 

2-Propanol:1-Butanol 2:8 12.3683 21.8461 17.8759 104.3928 

2-Propanol:1-Butanol 6:4 12.4498 21.8497 17.7633 104.9914 

2-Propanol:2-Butanol 2:8 12.5024 21.7654 17.8074 104.8721 

2-Propanol:2-Butanol 4:6 12.4653 21.7958 17.7661 105.0446 

1-Butanol:2-Butanol 4:6 12.4573 21.7456 17.8691 104.3873 

1-Butanol:2-Butanol 6:4 12.4015 21.8886 17.9194 104.1694 

 

2.5.2.1 Structure determinations 

The structures of crystals containing two different alcoholic guests were obtaining 

by direct refinement, using as a model the empty cavitand, as previously determined. 

The refinements were performed using SHELX-97 [9] and by direct analysis of the 

Fourier maps. All the structure resulting from these co-crystallization experiments are 

isomorphous, with respect to the cavitand and the solvent molecules. The electron 

density maps obtained from the diffraction experiments showed a residual electron 

density inside the cavity of the resorcarene molecule, which was attributed to a 

alcoholic guest molecule. Since in these structures the occupancy factors of alcohols 

hosted in the cavity are severely dependent on thermal parameters of atoms of these 
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molecules, the refinement was carried out comparing the values obtained for these 

structures with the ones obtained in the single-alcohol structures. 

However, due to the superposition of the electron densities of the alcoholic guests 

present in the cavitand site, a certain determination of the occupancy factors of guest 

molecules was not possible, neither by full-matrix least-squares based on F2, nor by 

direct analysis of density maps. Actually, the available softwares are not able to treat 

cases in which there is a tight interdependence between thermal parameters and 

occupancy factors. Thus, the determination of the latter has proven to be difficult and a 

new methodology, based on the direct analysis of the diffraction intensities, was 

developed to evaluate the occupation of the binding site. 

 

2.5.2.2 Scaling protocol 

In order to compare directly the diffraction intensities of three data collection, it is 

necessary that all data to be used be on a common scale. The diffraction images of the 

various data collections have to be processed together, so that the diffraction 

intensities of each crystal, grown in presence of a single alcohol or of a binary mixture, 

have the same scale. In order to perform the same scaling for each data collection, a 

reference dataset was selected and, afterwards, each single dataset was compared 

with it. The selection criteria were based on the scaling statistics of each data 

collection scaled alone. In particular, the data collection with the best completeness 

and Rmerge turned out to be the one obtained from the crystal grown in presence of 2-

propanol (see Table 2.22). All the scaling protocols were performed using the program 

SCALA [14]. 

A common scaling protocol was applied to each data collection, using the reference 

dataset. A scale factor was calculated for each dataset (batch) and a different B factor 

was evaluated each 10 images (30° of rotation of ϕ). Moreover, a secondary beam 

correction expanded in sixth order spherical harmonics was applied. For the method 

proposed, occupancy factors are calculated from differences between the square roots 

of diffraction intensities pertinent to the same hkl. However, in a traditional scaling 

protocol, diffraction intensities from different data collections, but pertinent to the same 

hkl, are set to be equal. The application of this kind of scaling protocol should result in 

a lowering of these important differences, containing information related to the 

occupancy factor. Thus, intensities for which a standard deviation 12 times greater 

than the standard deviation of the reflection intensity was calculated during scaling 

have been rejected from the scaling protocol, in order to preserve from scaling 

intensities whose values are mainly due to the presence of different guests in the site 

of the cavitand. Afterwards, each dataset was merged rejecting reflections with 

calculated standard deviations four times greater than the standard deviation of the 
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merged intensity. Actually, during the merging step, performed with the SCALA 

software [14], the values of the scale factors for each reflection were maintained as 

calculated before, but the standard deviations were re-calculated considering only 

differences of equivalent reflections of the same dataset. Thus, the final value of the 

standard deviation is based only on the data collected on the single crystal and does 

not depend on other datasets. Scaling statistics for all the structures of the calitand 

Tiiii[H,CH3,CH3] with binary mixtures of alcoholic guests are reported in Table 2.26. 

 
Table 2.26: Scaling statistics of structures of Tiiii[H,CH3,CH3]. 

Structure (P 21/c) 
Rmerge (outer 

shell) 

N° observed 
reflections 

(outer shell) 

N° unique 
reflections 

(outer shell) 

)(II σ  

(outer 
shell) 

Methanol 5.0 (12.9) 19245 (1128) 6891 (443) 13.8 (7.8) 

Ethanol 4.4 (10.0) 32279 (2246) 7214 (589) 20.4 (12.9) 

1-Propanol 3.8 (10.5) 27026 (1627) 7604 (560) 21.3 (10.4) 
2-Propanol 3.3 (8.1) 27450 (3107) 7827 (1008) 22.9 (12.9) 
1-Butanol 5.7 (17.3) 35777 (2585) 6866 (623) 15.6 (7.5) 
2-Butanol 9.1 (3.8) 24803 (2476) 7475 (824) 13.3 (4.8) 

Methanol:Ethanol 2:8 4.1 (8.2)  25463 (1865) 7470 (617) 20.8 (13.6) 
Methanol:Ethanol 4:6 (1) 3.8 (8.7) 25760 (1853) 7805 (663) 20.4 (12.0) 
Methanol:Ethanol 4:6 (2) 5.1 (16.1) 20871 (1703) 6675 (618) 15.8 (6.7) 

Methanol:Ethanol 6:4 6.3 (10.2) 24500 (1821) 7477 (627) 15.2 (10.0) 
Methanol:Ethanol 8:2 5.6 (15.8) 26110 (1495) 7706 (545) 15.8 (7.7) 

Methanol:1-Propanol 2:8 3.9 (7.3) 26755 (1925) 7799 (676) 23.9 (15.3) 
Methanol:1-Propanol 4:6 5.1 (12.2) 25331 (1759) 7589 (588) 17.0 (7.9) 

Methanol:1-Propanol 6:4 (1) 3.6 (11.3) 24732 (1983) 7297 (671) 20.5 (11.5) 
Methanol:1-Propanol 8:2 5.5 (21.5) 25368 (1385) 7825 (545) 14.9 (5.5) 
Methanol:2-Propanol 2:8 3.3 (6.9) 26257 (2745) 7873 (951) 22.9 (14.7) 
Methanol:2-Propanol 4:6 4.1 (11.9) 24726 (1928) 7436 (680) 17.7 (8.2) 
Methanol:1-Butanol 2:8 6.6 (17.9) 25287 (2082) 7807 (739) 11.0 (5.3) 
Methanol:1-Butanol 4:6 4.6 (11.6) 25039 (2255) 6983 (666) 19.3 (10.8) 
Methanol:2-Butanol 4:6 4.9 (12.9) 25830 (2155) 7709 (750) 15.5 (8.0) 
Ethanol:1-Propanol 2:8 4.4 (12.7) 27359 (2461) 7726 (799) 18.1 (8.4) 
Ethanol:1-Propanol 4:6 4.6 (11.0) 26232 (2085) 7800 (730) 17.5 (11.7) 
Ethanol:1-Propanol 6:4 5.5 (10.9) 25183 (1966) 7212 (617) 17.9 (12.3) 
Ethanol:2-Propanol 2:8 7.3 (20.7) 26043 (2645) 7233 (798) 12.2 (5.1) 
Ethanol:2-Propanol 4:6 5.0 (14.7) 27152 (2529) 7883 (845) 16.1 (8.5) 

Ethanol:2-Propanol 6:4 (1) 6.1 (21.5) 14568 (1186) 6654 (604) 12.4 (5.3) 

Ethanol:2-Propanol 6:4 (2) 4.6 (10.8) 25562 (2035) 7810 (723) 18.8 (9.3) 
Ethanol:2-Butanol 4:6 5.2 (7.8) 27009 (2039) 7827 (703) 18.7 (12.9) 

1-Propanol:2-Propanol 2:8 3.0 (7.7) 26075 (2818) 7170 (853) 27.9 (19.5) 
1-Propanol:2-Propanol 4:6 (1) 6.5 (23.6) 26462 (2371) 7192 (731) 12.7 (5.4) 
1-Propanol:2-Propanol 4:6 (2) 6.1 (12.8) 25858 (2520) 7057 (729) 15.8 (8.6) 

1-Propanol:2-Propanol 6:4 4.4 (12.9) 27230 (2546) 7693 (826) 18.0 (8.7) 
1-Propanol:2-Propanol 8:2 11.6 (42.6) 24290 (2300) 6992 (725) 9.2 (2.9) 
1-Propanol:1-Butanol 2:8 6.8 (20.3) 30819 (2800) 7980 (834) 12.8 (5.3) 
1-Propanol:1-Butanol 8:2 6.8 (14.6) 26953 (2100) 7491 (657) 13.6 (7.8) 
1-Propanol:2-Butanol 2:8 5.9 (11.7) 27419 (2668) 7984 (881) 15.9 (8.1) 
1-Propanol:2-Butanol 4:6 3.4 (8.1) 25277 (2093) 7833 (785) 24.2 (14.8) 
2-Propanol:1-Butanol 2:8 5.8 (15.5) 26401 (2522) 7950 (844) 12.8 (6.2) 
2-Propanol:1-Butanol 6:4 5.0 (9.7) 27413 (3142) 7910 (996) 16.3 (9.9) 
2-Propanol:2-Butanol 2:8 5.7 (13.4) 25845 (3191) 7745 (1000) 16.3 (8.3) 
2-Propanol:2-Butanol 4:6 3.7 (7.7) 25471 (2843) 6933 (832) 22.3 (14.4) 
1-Butanol:2-Butanol 4:6 4.8 (12.4) 26319 (2541) 7829 (835) 18.6 (8.3) 
1-Butanol:2-Butanol 6:4 4.9 (13.3) 26710 (2563) 7463 (768) 17.0 (8.3) 
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2.6 Bi-functional molecules 

Following the study on complexation properties of phosphonato-resorcinarenic 

cavitands, new molecules were designed containing both host and guest moieties. 

 

2.6.1 Stopper: hindered host feature, combined with a guest feature 

The cavitand Tiiii[3CH2CH2CH31CH2CH2C7H7NO2,CH3,Ph] (Stopper), 7 (Scheme 

2.6), was synthesized by the research group of Professor Dalcanale of the University 

of Parma. The upper rim of this cavitand is formed by tiophosphonic groups that 

reduce the complexation properties of the cavity, while a N-methylpyridyl, charged 

group, linked to the lower rim, is a guest moiety. Thus, the whole molecule has a 

hindered host feature combined with an active guest one. 
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Scheme 2.6 

2.6.1.1 Crystallization and data collection 

The same research group obtained single crystals of this molecule, by liquid 

diffusion of water in a solution of the sample in acetonitrile. Typical dimensions of the 

red crystals were 0.5 mm × 0.3 mm × 0.2 mm. 

Diffraction data were collected using a conventional X-ray source with a Bruker 

Nonius copper rotating anode (monochromatic wavelength 1.5418 Å), at the 

Department of Chemical Sciences of the University of Trieste. A crystal was mounted 

on a glass fibre with glue and flash frozen to 100 K with a nitrogen stream. The 

diffraction data were indexed and integrated using DENZO and scaled with 

SCALEPACK [3]. Scaling statistics are reported in Table 2.27. 
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Table 2.27: Details of the data collection and scaling statistics for a crystal of the cavitand 

Stopper. 

 Stopper 
 Data collection details 

Wavelength (Å) 1.5418 

∆ϕ (°) 2 

Detector distance (mm) 40 

N° frames 257 

Temperature (K) 100 

 Unit cell parameters 

Space group C 2/c 

a (Å), b (Å), c (Å) 24.44(7), 23.88(3), 29.36(4) 

β (°) 108.21(6) 

Volume (Å
3
) 16280(60) 

 Scaling statistics 

Resolution range (outer shell) 50.00-1.25 (1.29-1.25) 

Rmerge (outer shell) 0.098 (0.231) 

<I>/σ(I) all data (outer shell) 11.0 (3.3) 

N° reflections (outer shell) 8749 (481) 

Completeness (outer shell) 98.7% (96.2%) 

Redundancy (outer shell) 2.9 (1.7) 

 

2.6.1.2 Structure determination 

The structure was solved in C2/c space group by direct methods using SHELXS [6] 

and Fourier analyses and refined by the full-matrix least-squares based on F2 using 

SHELXL-97 [9]. The asymmetric unit contains one stopper molecule, one PF6
- ion and 

one acetonitrile molecule. The hexafluorophosphate ions are distributed in two 

crystallographically independent sites: on an inversion centre and along a binary axis. 

During refinement, restraints for pyridyl and phenyl groups have been introduced in 

the model. In the final refinement, hydrogen atoms were included at calculated 

positions and non-hydrogen non-disordered atoms were treated anisotropically. 

Restrains on thermal motion have been introduced using the SIMU card during 

SHELXL refinement. The experimental data has been corrected empirically for X-ray 

absorption using XABS2 program [5]. Essential refinement details are reported in 

Table 2.28. 

Crystallographic data (excluding structure factors) for this structure have been 

deposited with the Cambridge Crystallographic Data Centre, code CCDC-675446. 
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Table 2.28: Refinement statistics of the Stopper structure. 

 Stopper 
Formula C75H74NO10P4S4·PF6·C2H3N 

Formula weight  1585.98 

Z 8 

Calculated density (g cm
-3

) 1.294 

F(000) 6596 

µ(mm
-1

) 2.471 

Reflections (all / independent) 19574 / 7214 

Observed reflections  [Fo>4σ(Fo)] 4381 

Data / restraints / parameters 7214 / 37 / 848 

R[I>2.0σ(I)] 0.1153 

R(all data)  0.1594 

wR2 [I>2.0σ (I)] 0.3111 

Goodness of fit 1.368 

 

 

 

2.6.2 Complexation of Stopper with a host-only molecule: formation of a 

dimer 

The research group of Professor Dalcanale also performed the self-assembly 

synthesis of a complex between the cavitand Stopper 7 and the cavitand, 

Tiiii[CH2CH2CH3,CH3,Ph], 8 (Scheme 2.7), exhibiting only the host functionality. 

 

R= CH2CH2CH3 

 8  

Scheme 2.7 
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2.6.2.1 Crystallization and data collection 

The complex was crystallized at the University of Parma, by water diffusion in a 

acetonitrile solution. Uncoloured needle shaped crystals, suitable for X-ray diffraction 

experiments, had typical dimensions of 0.6 mm × 0.2 mm × 0.2 mm. 

Diffraction data were collected using a conventional X-ray source with a Bruker 

Nonius copper rotating anode (monochromatic wavelength 1.5418 Å), at the 

Department of Chemical Sciences of the University of Trieste. A crystal was harvested 

from its mother solution with a nylon loop, cryoprotected by soaking in Paratone and 

flash frozen to 100 K by a nitrogen stream. The diffraction data were indexed and 

integrated using DENZO and scaled with SCALEPACK [3]. Scaling statistics are 

reported in Table 2.29. 

 
Table 2.29: Details of the data collection and scaling statistics for a crystal of the complex 
7(Stopper)·8. 

 7(Stopper)·8 

 Data collection details 

Wavelength (Å) 1.5418 

∆ϕ (°) 1.5 

Detector distance (mm) 40 

N° frames 281 

Temperature (K) 100 

 Unit cell parameters 

Space group P 21/a 

a (Å), b (Å), c (Å) 15.962(1), 49.506(3), 21.2934(9) 

β (°) 107.016(4) 

Volume (Å
3
) 16090(2) 

 Scaling statistics 

Resolution range (outer shell) 50.00-1.30 (1.35-1.30) 

Rmerge (outer shell) 0.125 (0.392) 

<I>/σ(I) all data (outer shell) 9.6 (2.0) 

N° reflections (outer shell) 7623 (695) 

Completeness (outer shell) 98.1% (90.1%) 

Redundancy (outer shell) 3.8 (1.7) 

 

 

2.6.2.2 Structure determination 

The structure was solved in P 21/a space group by direct methods using SHELXS 

[6] and Fourier analyses and refined by the full-matrix least-squares based on F2 using 

SHELXL-97 [9]. The asymmetric unit contains one crystallographically independent 

7·8, one PF6
- ion, three acetonitrile molecules and four water molecules.  

During the refinement, restraints for pyridyl and phenyl groups have been 

introduced in the model. In the final refinement, hydrogen atoms were included at 

calculated positions and oxygen, fluorine, phosphorous and sulphur atoms were 

treated anisotropically. The experimental data has been corrected empirically for X-ray 
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absorption using XABS2 program [5]. Essential refinement details are reported in 

Table 2.30. 

Crystallographic data (excluding structure factors) for this structure have been 

deposited with the Cambridge Crystallographic Data Centre, code CCDC-675445. 

 
Table 2.30: Refinement statistics of the structure of the complex 7(Stopper)·8. 

 7(Stopper)·8 
Formula C64H68O12P4·C75H74NO10P4S4·PF6·3C2H3N 

Formula weight  2747.55 

Z 4 

Calculated density (g cm
-3

) 1.134 

F(000) 5744 

µ(mm
-1

) 1.835 

Reflections (all / independent) 29164 / 7623 

Observed reflections  [Fo>4σ(Fo)] 4787 

Data / restraints / parameters 7428 / 0 / 814 

R[I>2.0σ(I)] 0.0876 

R(all data)  0.1247 

wR2 [I>2.0σ (I)] 0.2415 

Goodness of fit 1.077 

 

2.6.3 Complexation between a molecule showing two host moieties and a 

molecule showing two guest moieties: dimer or polymer? 

The molecule (Tiiii[CH2CH2CH3,CH3,Ph]·C7H3NO4·Tiiii[CH2CH2CH3,CH3,Ph]) (Di-

host), 9 (Scheme 2.8), was synthesized by the research group of Professor Dalcanale 

of the University of Parma. This compound holds two host features, linked together 

through substituents of lower rims. The double host molecule was complexed with a 

double guest molecule, N,N’-dimethyl-4,4’-bipyridinium, 10 (Scheme 2.8), by the same 

research group.  

O
P

OO
P
O

OO O O
P

OO
P

O
O

Ph Ph
PhPh

N
+

N
+

OO

N

O

O
P

OO
P
O

OO O O
Ph Ph

PhPh

O

P
OO

P

O
O

 

10 

9 

 

Scheme 2.8 



Materials and Methods 

 113

 

2.6.3.1 Crystallization and data collection 

The complex was crystallized at the University of Parma, by water diffusion in a 

acetonitrile solution. Uncoloured needle shaped crystals, suitable for X-ray diffraction 

experiments, had typical dimensions of 0.4 mm × 0.05 mm × 0.05 mm. 

Diffraction data were collected using a conventional X-ray source with a Bruker 

Nonius copper rotating anode (monochromatic wavelength 1.5418 Å), at the 

Department of Chemical Sciences of the University of Trieste. A crystal was collected 

from its mother solution with a nylon loop, cryoprotected by soaking in Paratone and 

flash frozen to 100 K by a nitrogen stream. The diffraction data were indexed and 

integrated using DENZO and scaled with SCALEPACK [3]. Scaling statistics are 

reported in Table 2.31. 

 
Table 2.31: Details of the data collection and scaling statistics for a crystal of the complex 9(Di-
host)·10(Di-guest). 

 9(Di-host)·10(Di-guest) 

 Data collection details 

Wavelength (Å) 1.5418 

∆ϕ (°) 0.5 

Detector distance (mm) 40 

N° frames 543 

Temperature (K) 100 

 Unit cell parameters 

Space group P 21/n 

a (Å), b (Å), c (Å) 13.727(1), 27.45(3), 42.03(4) 

β (°) 92.15(5) 

Volume (Å
3
) 15820(30) 

 Scaling statistics 

Resolution range (outer shell) 200.00-1.50 (1.55-1.50) 

Rmerge (outer shell) 0.078 (0.344) 

<I>/σ(I) all data (outer shell) 11.9 (2.3) 

N° reflections (outer shell) 4835 (402) 

Completeness (outer shell) 94.2% (80.4%) 

Redundancy (outer shell) 2.5 (1.5) 

 

2.6.3.2 Structure determination 

The structure was solved by molecular replacement method, using the software 

AMORE [8], in P21 space group, the non-centrosymmetric correspondent of the P21/n 

space group of this molecule. The atomic coordinates of the cavitand 8 were used as 

model. The solution obtained in P21 showed four cavitand 8 molecules in the 

asymmetric unit, which were reduced to two crystallographic independent molecules in 

the P21/n space group. Thus, with the molecular replacement method, a molecule of 9 

was recognized in the asymmetric unit. Moreover, during refinement, 4 molecules of 

acetonitrile (the solvent used in the crystallization experiment), one in a full occupancy 

position and three in positions at partial occupancy (0.5 each position), and four PF6
- 



Materials and Methods 

 114

ions, one at full occupancy and three at partial occupancy (0.4, 0.35, 0.25, 

respectively), were located in the asymmetric unit. 

Refinement was conducted by the full-matrix least-squares based on F2 using 

SHELXL-97 [9]. To increase the data-to-parameters ratio, the two resorcinarenic units 

were treated as rigid bodies, i.e. only the position of the centre of mass of each moiety 

and the thermal parameters of atoms were refined. Moreover, in the following 

refinement cycles, the C-C distances of alkyl chains, the C-P and P=O distances of 9 

and the P-F distances and bond angles of PF6
- were restrained. The analysis of 

electron density maps, obtained after the initial refinement cycles, revealed regions 

with residual electron density. In particular, the electron density observed in the region 

between the two resorcinarenic cavities was assigned to a di-guest 10 molecule. In the 

following refinement cycles, the aromatic moieties of this molecule were refined to fit a 

regular hexagon.  

Moreover, another region of residual electron density was located close to an alkyl 

chain on the lower rim of a resorcinarene moiety. The scheme proposed by Professor 

Dalcanale for the structure of this molecule suggested the interpretation of this density 

as a residue of 3,5-dicarboxypyridin, the linker between the two host moieties. In the 

following refinement cycles, this fragment was introduced in the model, but the 

attempts to find its correct position to interpret the electron density were hampered by 

the high degree of disorder of this group and the low resolution of diffraction data that 

did not allow to obtain detailed electron density maps.  

Thus, seven models, with seven possible positions for the 3,5-dicarboxypyridin 

residue, were refined, with a partial occupation (0.3) for the site of the linker and 

treating this fragment as a rigid body. However, refined structures showed high values 

for the thermal parameters of the atoms of the 3,5-dicarboxypyridin and high values of 

the Rfactor in all cases. The low quality diffraction data obtained for these crystals did not 

allow to determine the correct position of this residue. 

Essential refinement details are reported in Table 2.32. 

 
Table 2.32: Refinement statistics of the structure of the complex 9(Di-host)·10(Di-guest) 

 9(Di-host)·10(Di-guest) 
Formula C156H153N3O28P8·2PF6·2.5C2H3N 

Formula weight  12625.12 

Z 4 

Calculated density (g cm
-3

) 1.074 

F(000) 5474 

µ(mm
-1

) 1.377 

Reflections (all / independent) 7841 / 4646 

Observed reflections  [Fo>4σ(Fo)] 2928 

Data / restraints / parameters 4646 / 499 / 548 

R[I>2.0σ(I)] 0.211 

R(all data)  0.2603 

wR2 [I>2.0σ (I)] 0.5271 

Goodness of fit 2.269 
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3. Molecular recognition in cytochrome c complexes  

3.1 Mapping of the cytochrome c through a ionic probe 

3.1.1 Comparison between reduced and oxidized crystal structures 

Crystallization of cytochrome c in presence of nitrate ions results in two different 

crystal forms for the reduced and the oxidized protein. In particular, a monoclinic 

crystal was obtained for ferrocytochrome c, while a trigonal crystal resulted from 

crystallization of ferricytochrome c. Despite the crystallization experiments being set up 

in similar conditions, the different results reveal that oxidation state is an important 

factor for packing of proteins during crystallization process. The differences in packing 

are probably due to a different interaction between proteins during crystallization, that 

can be ascribed either to a structural or electrostatic difference of the whole protein or 

to a smaller change on the surface of proteins, due to different conformations of side 

chains. The comparison between crystal structures will show the reasons of different 

packing mode.   

Both crystal forms contain three independent molecules in the unit cells. This 

feature is very important for the purpose of studying the structural differences between 

the two forms, increasing the number of independent observations that can be 

considered in the comparison.  

 

3.1.1.1 The core of the protein 

Most of the structural differences between the oxidized and the reduced 

cytochrome c structures are located in the core of the protein, involving the heme 

group, a solvent molecule and the side chains of residues close to the catalytic site.  

In both structures, the iron ion is coordinated equatorially to the four pyrrolic 

nitrogen atoms of the heme group (Figure 3.1a) and axially to the side chains of the 

histidine 18 and metionine 80 residues (Figure 3.1b). The distance mean values for 

equatorial bonds are 2.05 Å and 2.07 Å for oxidized and reduced forms of horse heart 

cytochrome c, respectively. The distance mean values for the axial bonds are 1.99 Å 

(oxidized) and 2.03 Å (reduced), with the nitrogen Nε
2 atom of histidine 18, and 2.36 Å 

(oxidized) and 2.33 Å (reduced), with the sulphur atom of metionine 80. The heme 

group is bound to the protein through two thioether bonds with cysteine 14 and 

cysteine 17. The bond lengths are 1.80 Å (oxidized) and 1.84 Å (reduced), for cysteine 

14 and ethyl group bound to the pyrrolic ring B, and 2.082(6) Å (oxidized) and 2.03(1) 

Å (reduced), for cysteine 17 and ethyl group bound to the pyrrolic ring C. 
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Figure 3.1: Scheme of the heme c group, its covalent (a) and coordination (b) bonds to 

polypeptide chain. 

 

In the heme site, the position of a characteristic water molecule, that has also been 

studied in homologous bacterial cytochromes c2 and c6 [1], undergoes a significant 

variation between the oxidized and reduced forms of horse heart cytochrome c. The 

structures obtained through crystallization in presence of nitrate ions confirm that this 

molecule forms two different hydrogen bond networks with the side chains of three 

residues, the hydroxide groups of tyrosine 67 and threonine 78 and the carbonyl group 

of asparagine 52. Moreover, tyrosine 67 forms another hydrogen bond with the sulfur 

atom of metionine 80. As shown in Figure 3.2, the experimental electron density in the 

site where the water molecule is located is less spherical in the structure of horse heart 

ferricytochrome c, than in the structure of horse heart ferrocytochrome c. Probably, the 

reason for this distortion of electron density is the partial displacement of this molecule, 

that statistically occupies two different, close sites. This evidence is confirmed by the 

analysis of the mean values of the thermal parameters, that are BOX=14 and BRED=12, 

respectively. Considering that this molecule was found to be very sensitive to the 

variation of the oxidation state of the protein, the hypothesis that the oxidized 

cytochrome undergoes a reduction by X-ray during data collection seems to be 

confirmed by the solved structure. Thus, a second, partially occupied site for this 

molecule can be identified in the same position as in the structure of the reduced form. 

The experimental lengths of the hydrogen bond networks found in the oxidized and 

reduced forms of horse heart cytochrome c are shown in Figure 3.2.  
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Figure 3.2: Model of the structure of  ferri- (a) and ferro- (b) horse heart cytochrome c in the 

heme site. Electron density belonging to the water molecule located close to the prosthetic 

group is also shown. The two different hydrogen bond networks involve residues close to the 
heme group (Tyr67, Thr78, Asn52 and Met80). 

 

Comparing the hydrogen bond network in the two forms, the largest variation was 

measured for the interaction between the oxygen atom of tyrosine 67 and the water 

molecule (3.06 Å in the oxidized form, 2.87 Å in the reduced one), indicating a weaker 

hydrogen bond in the oxidized form. On the contrary, the interaction between the same 

tyrosine residue and the sulphur atom of metionine 80 is stronger in the oxidized form 

(3.01 Å) than in the reduced one (3.17Å). The water molecule is involved in two more 

hydrogen bonds, one with the oxygen atom of threonine 78, which is stronger in the 

reduced form (2.61 Å) than in the oxidized one (2.82 Å), and the one with the 

asparagine 52. In the last case, the scheme of the hydrogen bond is completely 

different between the two forms. In particular, in the oxidized form the interaction is 

formed between the water molecule and the oxygen atom of the carbonyl group (2.76 

Å), while in the reduced form the nitrogen atom of the side chain of the same residue is 

involved (3.03 Å). Therefore, the hydrogen bond between the water molecule and the 

asparagine 52 residue involves a donor atom (Oδ1) in ferricytochrome c and an 

acceptor atom (Nδ2) in ferrocytochrome c. This observation can be related with the low 

value of reduction potential of cytochrome c, compared with the homologous 

prokaryotic cytochromes. In general, hydrogen bonds involving a more electronegative 

oxygen atom are stronger than hydrogen bonds involving a more electropositive 

nitrogen atom. Thus, the change in conformation of asparagine 52 side chain might 

imply a stabilization of the oxidized form, with respect to the reduced one, and a 

consequent reduction of the oxidation/reduction potential. This is probably related to 

the shift of the position of the water molecule found in this site. This hypothesis is in 

agreement with the structural comparison of the eukaryotic cytochromes c with 
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homologue bacterial cytochromes c2 and chloroplast cytochromes c6, that do not show 

this structural variation and whose redox potentials are higher by about 100 mV [1, 2]. 

 

3.1.1.2 The surface of the protein 

The heme group is completely hidden inside a hydrophobic pocket of the 

polypeptide chain. Only four atoms of the prosthetic group are exposed to the solvent, 

marked as CMC, CMD, CBB and CBC (Figure 3.1a). For these atoms the local 

accessible surface area was calculated with respect to the total surface area of the 

protein. The total accessible surface for this protein is 856 Å2 and 858 Å2, for the 

ferricytochrome and for the ferrocytochrome, respectively, while the heme group has a 

accessible area of 31 Å2, corresponding to 3.6% of the total, for the oxidized form, and 

of 32 Å2, corresponding to 3.7%, for the reduced one. The CBC atom is located close 

to the thioether bond that involves the residue Cys17, which is also significantly 

exposed to the solvent. The accessible surface area value calculated for this residue is 

a bit more extended in the oxidized form (4.1 Å2) than in the reduced one (4.4 Å2). 

A few structural differences were found on the surfaces of the two forms of horse 

heart cytochrome c (Figure 3.3). The comparison between the two crystal forms 

underlines the different side chain conformation of some lysine, glutamine and 

asparagine residues located on the surface of the protein. The most significant 

differences involve residues lysine 87, lysine 99, asparagine 54, asparagine 103, 

glutamate 68, glutamate 104 and glutamine 42, which are located on the opposite side 

of the protein with respect to the solvent-exposed surface of the heme group. These 

conformational changes are probably related to the different crystal packing of the two 

forms that implies the formation of alternative interactions between the protein and the 

solvent. However, the formation of such a packing is related to the different oxidation 

states of the iron ion. Thus, a possible hypothesis on different behaviour in 

crystallization of the oxidized and reduced form of cytochrome c is that the variation of 

the charge of the iron ion in the prosthetic group probably determines a shift of the 

mentioned charged groups, hence, a different electrostatic surface for the two forms of 

the protein favouring a different crystal packing. 
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Figure 3.3: Overlap of the structures of horse heart ferricytochrome c (yellow) and 

ferrocytochrome c (magenta). The different orientation of side chains of some residues on the 

surface of the protein is shown. 

 

3.1.1.3 Position of the nitrate ions on the surface of the protein 

The good resolution of the experimental electron density maps, calculated from the 

diffraction data of each form of horse heart cytochrome c, allows to identify the 

positions of the nitrate ions on the surface of the protein. In the oxidized form, 18 

independent nitrate ions in general positions and another nitrate located on a binary 

symmetry axis were found (Table 3.1), whereas in the reduced form of the horse heart 

cytochrome c, the positions of 20 nitrate ions were identified (Table 3.2).  

 



Cytochrome c 

 122

Table 3.1: Interaction sites of the nitrate ions on the surface of the oxidized form of the Horse 
Heart cytochrome c. 

SITE FERRICYTOCHROME 

Number Interacting residues 
Number of sites 

occupied 

Independent molecule 

(Number of the nitrate ion 

interacting) 

I Glu4/Lys7 3 a(1), b(8), c(15) 

II Glu4/Lys5/Lys8 2 a(22), b(12) 

III Lys8 3 a(2), b(9), c(10) 

IVA 

IVB 

IVC 

Val11 

Val11/Gln12 A 

Val11/Gln12 B 

1 

2 

not occupied 

c(14) 

a(3), b(7) 

 

V Gln12 2 a(16), b(4) 

VIA 

VIB 

Gln12/Lys13 

Lys13 

1 

1 

c(16) 

a(4) 

VII 
Lys13/Gly84/Ile85/ 

Lys86/Glu90 
3 a(9), b(10), c(2) 

VIII Thr19/Val20/Glu21 3 a(5), b(11), c(17) 

IX Lys25 not occupied  

X Lys25/Lys27 not occupied  

XI Lys25/Lys27/Thr28 not occupied  

XII Thr28/Ile81 3 a(11), b(17), c(5) 

XIII Phe36 2 b(20), c(19) 

XIV 
Phe36/Glu61/ 

Lys99 
2 b(19), c(20) 

XV 
Lys39/Ile57/Thr58/ 

Lys60 
not occupied  

XVI Phe46/Thr47 1 b(13) 

XVII Lys53 not occupied  

XVIII Met65/Glu69/Arg91 1 b(21) 

XIX Lys72/Ala83 3 a(8), b(15), c(1) 

XX Gly77 not occupied  

XXI Phe82/Ala83/Gly84 3 a(7), b(14), c(3) 

XXII Lys86 2 a(12), c(22) 

XXIII Lys87 not occupied  

XXIV Lys88 1 c(21) 

XXV Lys99/Asn103 3 a(6), b(18), c(18) 

XXVI Lys100 not occupied  
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Table 3.2: Interaction sites of the nitrate ions on the surface of the reduced form of the Horse 

Heart cytochrome c. 

SITE FERROCYTOCHROME 

Number Interacting residues 
Number of sites 

occupied 

Independent molecule 

(Number of the nitrate ion 

interacting) 

I Glu4/Lys7 1 a(3) 

II Glu4/Lys5/Lys8 not occupied  

III Lys8 3 a(18), b(4), c(11) 

IVA 

IVB 

IVC 

Val11 

Val11/Gln12 A 

Val11/Gln12 B 

2 

not occupied 

1 

a(1), c(10) 

 

b(2) 

V Gln12 not occupied  

VIA 

VIB 

Gln12/Lys13 

Lys13 

not occupied 

not occupied 
 

VII 
Lys13/Gly84/Ile85/ 

Lys86/Glu90 
3 a(4), b(11), c(18) 

VIII Thr19/Val20/Glu21 3 a(5), b(6), c(12) 

IX Lys25 2 b(14), c(7) 

X Lys25/Lys27 3 a(8), b(15), c(8) 

XI Lys25/Lys27/Thr28 3 a(15), b(8), c(15) 

XII Thr28/Ile81 3 a(6), b(12), c(5) 

XIII Phe36 not occupied  

XIV 
Phe36/Glu61/ 

Lys99 
1 b(16) 

XV 
Lys39/Ile57/Thr58/ 

Lys60 
3 a(17), b(13), c(9) 

XVI Phe46/Thr47 2 a(14), b(7) 

XVII Lys53 2 a(7), b(14) 

XVIII Met65/Glu69/Arg91 not occupied  

XIX Lys72/Ala83 1 c(3) 

XX Gly77 3 a(9), b(17), c(13) 

XXI Phe82/Ala83/Gly84 3 a(2), b(10), c(1) 

XXII Lys86 not occupied  

XXIII Lys87 1 b(11) 

XXIV Lys88 not occupied  

XXV Lys99/Asn103 not occupied  

XXVI Lys100 1 a(16) 

 

Residues of the polypeptidic chain interacting with inorganic anions, through 

electrostatic interactions or hydrogen bonds, define 26 sites of interaction on the 

cytochrome surface, numbered following the primary sequence of the protein (Tables 

3.1 and 3.2). Some ions are located at the interface of two molecules of the protein, 

thus defining two different sites of interaction. In particular, 18 sites on the protein 

surface were identified experimentally in both reduced and oxidized form of 

cytochrome c.  
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For each interaction site, the conservation degree can be defined, analysing the 

three independent protein molecules, both on the oxidized and the reduced form 

(Tables 3.1 and 3.2). In the oxidized form, sites I, III, IV (with a slight difference in the 

interaction geometry), VII, VIII, XII, XIX, XXI and XXV were found occupied by a nitrate 

ion in all three independent molecules, while in sites XVI, XVIII and XXIV a single 

molecule shows the interaction with the nitrate and in sites II, V, VI (with a slight 

difference in the interaction geometry), XIII, XIV and XXII two of them. On the contrary, 

in the reduced form, sites III, IV (with a slight difference in the interaction geometry), 

VII, VIII, X, XI, XII, XV, XX and XXI are conserved in all three molecules and sites I, IX, 

XIV, XVI, XVII, XIX, XXIII and XXVI are present in one or two independent molecules. 

Sites IX, X, XI, XV, XVII, XX, XXIII and XXVI have not been found in the oxidized form 

and are specific for the reduced one. On the contrary, sites I, V, VI, XIII, XVIII, XXII, 

XXIV and XXV are specific of the oxidized form and are absent in the structure of the 

reduced one.  

Assuming that, where the electrostatic charge on the protein surface is more 

positive is highly probable the presence of a nitrate ion in all the crystallographically 

independent molecules the analysis of the localization of the nitrate ions points out the 

regions with an exposed positive charge that can have a role in the molecular 

recognition mechanism of cytochrome c with its biological partners. For example, the 

nitate ions located in the site XII and observed in all six independent molecules interact 

specifically with two residues located in the heme pocket, thus identifying a region of 

the protein which is probably implicated in the mechanism of electron transfer. 

Figure 3.4 points out that the sites characterizing the reduced form of cytochrome c 

are located close to the heme pocket, defining a characteristic triangle around it, while 

the sites characterizing the oxidized form of cytochrome c are located on the opposite 

side with respect to the heme pocket. This localization of the nitrate probes suggests 

that, when the cytochrome is reduced, the surface around the heme pocket is more 

positively charged with respect to the oxidized form. On the contrary, when the 

cytochrome c is oxidized, the most positively charged region of its surface is the 

farthest from the electron transfer site of the protein. 
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Figure 3.4. Experimental mapping of the 26 protein-ion interaction sites of horse heart 
cytochrome c. The common sites, found both in the oxidized and in the reduced forms, are 

shown in blue, except for the site located on the opening of the heme pocket and probably 

implicated in the electron transfer, which is  coloured in green. The sites in pale yellow and in 

pink were found in both the forms, but with a higher frequency in the oxidized form or in the 

reduced one, respectively. The sites found only in the oxidized and only in the reduced forms 

are shown in yellow and magenta, respectively. 
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3.2 Cytochrome c and its biological partners 

Protein - protein interactions in biological functional complexes already 

characterized by X-ray structures were analysed, considering the information obtained 

from mapping of the cytochrome using the nitrate probe. In particular, protein surfaces 

involved in molecular recognition were obtained from the structures of the Yeast 

cytochrome c - cytochrome bc1 complex (PDB code: 1KYO) and of the Yeast 

cytochrome c - cytochrome peroxidase complex (PDB code: 2PCB). Moreover, the 

interaction surface of the structure of a complex involving cytochrome c2, a prokaryotic 

analogue of cytochrome c, with the Reaction Centre [3]  was analyzed (PDB code: 

1L9J). The structures obtained for the oxidized and the reduced forms from 

crystallization in presence of nitrate ions were overlapped on the structures of these 

biological complexes. The primary sequences of the Yeast cytochromes used in the 

first two structures are similar to the amino acidic sequence of the horse heart 

cytochrome c. Actually, the cytochrome c2 is quite different in the primary sequence, 

but similar concerning the three-dimensional structure. Thus, characterizing the 

differences in interactions of each protein with the oxidized cytochrome and the 

reduced one, respectively, it is possible to understand the variations in electrostatic 

surface, probably responsible for the in vivo molecular recognition. In particular, 

regions of the protein close to the heme pocket, where the electron transfer takes 

place, were considered.  

 

3.2.1 Structure of the third complex involved in mitochondria oxidative 

process 

Figure 3.5 shows the overlap of the structure of the cytochrome c, crystallized with 

the nitrate ions, underlining the different positions of the nitrate ions in both the 

reduced and the oxidized form, and the structure of the Yeast cytochrome bc1 – 

cytochrome c complex, found in PDB [4]. Nitrate ions characterizing the oxidized form 

are coloured in yellow, while anions found in the reduced crystal structure are coloured 

in magenta. The superimpositions of the three-dimensional structures of these 

cytochromes coming from different sources underline the substantial similarity between 

these proteins. Actually, only small differences are noticeable between the main chains 

of cytochromes c (white cartoons in Figure 3.5). 
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Figure 3.5: Overlap of the structure of Yeast cytochrome bc1 - cytochrome c complex (PDB 
code: 1KYO) and the structure of the Horse Heart cytochrome c, in both the oxidation states, 

crystallized in presence of nitrate ions. In the inset, details of the interaction region: the Yeast 
cytochrome, coloured in light blue, and the Horse Heart cytochrome, coloured in white, show 

only slight differences in their three-dimensional structures. 

 

Using the APBS tool (Adaptive Poisson-Boltzmann Solver) [5] of the program 

PYMOL [6], the electrostatic surfaces were calculated. The surface of Horse Heart 

cytochrome c, in the interacting region (Figure 3.6) is prevalently positively charged 

and, therefore, coloured in blue in the figure. As expected, the complementary surface 

of interaction on cytochrome bc1 complex is prevalently negatively charged (coloured 

in red). Using the information obtained from the crystal structures with nitrate ions, the 

comparison between the oxidized and the reduced form, in their interaction region with 

bc1 complex, was carried out. Some of the sites marked by nitrate ions on the surface 

of cytochrome c surrounding the binding site are equally conserved in both forms (III, 

IV, VII and XXI, coloured in blue in Figure 3.6). However, in the same region, sites 

characterizing the oxidized form (V, VI, XIX and XXII, coloured in yellow in Figure 3.6) 

and sites characterizing the reduced form (IX, X, XI, XVI and XX, coloured in magenta 

in Figure 3.6) were also noticed. Moreover, the particular site, defined as XII, located 
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close to the solvent-exposed edge of the heme group, is present in the interaction 

region mapped by the nitrate probes (coloured in green in Figure 3.6). A slight 

difference in the disposition of positively charged regions, mapped by the anions, was 

noticed between the two forms. In particular, while the reduced form presents a more 

positive electrostatic surface around the heme pocket, in the oxidized one the positive 

charges are mainly located in a region adjacent, but different from the first one.    

 

 

 

Figure 3.6: Electrostatic surfaces of cytochrome bc1 complex (left) and horse heart cytochrome 

c (right). The regions of the surface with negative charge are coloured in red, while the regions 

with positive charge are coloured in blue. The hydrophobic regions appear white. The positions 
of the nitrate – cytochrome c interaction sites are shown. 

 
This evidence suggests that the surface charge modification arising form the 

change of the oxidation state of the iron ion is fundamental in the mechanism of 

formation and breakage of the macro-complex with cytochrome bc1 complex. 

According to the present biocrystallographic study, ferricytochrome c binds to a slightly 

negative region on the surface of bc1 complex. Afterwards, the electron transfer from 

bc1 complex to cytochrome c takes place. The subsequent change in the electrostatic 

surface of reduced cytochrome c determines the breakage of the complex. As 

previously supported [4], the interaction between these two proteins is mainly 

determined by hydrophobic interactions, while the increasing of the charge on the 

surface after the electron transfer has taken place reduces the affinity between the 

interacting regions. In fact, a new positively charged region on the ferrocytochrome, 

formed by this reaction, interacts with an uncharged region on the surface of bc1 

complex. Thus, the surfaces of the two partners do not match any more and, then, the 

cytochrome slides out. This hypothesis agrees with the physiological role of the bc1 

complex, that reduces the ferricytochrome to ferrocytochrome. 
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3.2.2 Structure of the complex between cytochrome c and cytochrome c 

peroxidase 

Another biological complex of cytochrome c was considered, whose structure has 

been previously determined by Pelletier and Kraut [7]. In this complex, the 

physiological interaction occurs with the reduced form of the cytochrome c, which is 

oxidized by the peroxidase. Figure 3.7 shows the overlap between the structure of the 

complex, involving Horse Heart cytochrome c and Yeast cytochrome c peroxidase, and 

the map of positive sites on cytochrome c obtained through crystallization in presence 

of nitrate ions. However, the nitrate defining the electron transfer site, coloured in 

green in Figure 3.8, is located far from the surface of the peroxidase, confirming the 

hypothesis of Pelletier and co-workers that this complex is a non-productive form [7]. 

Considering the complex between Yeast cytochrome c peroxidase and its biological 

partner, i.e. Yeast cytochrome c, a different position of the electron transfer site was 

observed. Figures 3.9 and 3.10 show the overlap between this complex and the 

structure of cytochrome c mapped through the nitrate probe and the electrostatic 

surface of two partners in the interaction region, respectively. 

The interaction site on the surfaces of the peroxidase is located in a region rich of 

negatively charged residues (Figure 3.10). Thus, the mechanism of formation of the 

physiological complex between the ferrocytochrome and the peroxidase should be 

different from the one previously suggested for the interaction of the cytochrome and 

the bc1 complex. In fact, the peroxidase binds the ferrocytochrome c in the region were 

the heme group is exposed to the solvent. As indicated by the nitrate ion mapping, this 

region has a particularly positive electrostatic surface in the reduced form of 

cytochrome c, but it becomes less positive after the oxidation of the cytochrome by the 

peroxidase. In conclusion, while in the complex between cytochrome c and cytochrome 

bc1 complex the interaction seems to be driven by hydrophobic residues on the 

surface of the two proteins, the electrostatic charge complementarity seems to play a 

key role in the formation of the complex between cytochrome c and cytochrome c 

peroxidase. 
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Figure 3.7: Overlap of the structure of the complex between Yeast cytochrome c peroxidase 

and Horse Heart cytochrome c (PDB code: 2PCB), and the mapping obtained for the surface of 

Horse Heart cytochrome c through crystallization in presence of nitrate ions. In the inset, details 

of the interaction region. 

 

 

 

 

Figure 3.8: Electrostatic surfaces of Yeast cytochrome c peroxidase (left) and Horse Heart 
cytochrome c (right). The regions of the surface with negative charge are coloured in red, while 

the regions with positive charge are coloured in blue. The hydrophobic regions appear white. 
The positions of the nitrate – cytochrome c interaction sites are shown. 
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Figure 3.9: Overlap of the structure of the complex between Yeast cytochrome c peroxidase 
and Yeast cytochrome c (PDB code: 2PCC), and the mapping obtained for the surface of Horse 

Heart cytochrome c through crystallization in presence of nitrate ions. The Yeast cytochrome, 

coloured in light blue, and the Horse Heart cytochrome, coloured in white, show only slight 

differences in their three-dimensional structures. 

 
 

 

 
Figure 3.10: Electrostatic surfaces of Yeast cytochrome c peroxidase (left) and Yeast 

cytochrome c (right). The regions of the surface with negative charge are coloured in red, while 

the regions with positive charge are coloured in blue. The hydrophobic regions appear white. 
The positions of the nitrate – cytochrome c interaction sites are shown. 
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3.2.3 The bacterial cytochrome c2, in its complex with Reaction Centre 

Cytochrome c2 is an analogous protein of cytochrome c, but it can be found only in 

prokaryotic cells. Although the primary sequences of these two proteins differ 

significantly, the three-dimensional structures are very similar, as shown by their 

overlap (Figure 3.11). The structure of the complex between cytochrome c2 and one of 

their physiological partners, the bacterial Reaction Centre, was characterized through 

X-ray crystallography [8]. The complex of the Reaction Centre interacts with the 

reduced form of cytochrome c2 and oxidized it. Figure 3.11 shows the overlap between 

the structure of this complex and the map of positive sites on cytochrome c obtained 

through crystallization in presence of nitrate ions.  

As the cytochrome c peroxidase, in physiological conditions, the Reaction Centre 

binds the reduced form of cytochrome c2 and the electron transfer happens from the 

latter to the former. Considering the interaction surfaces (Figure 3.12), a mechanism 

similar to the previous can be assumed, since the binding site involves the region of 

ferrocytochrome c with a large number of nitrate ions in the mapping, while the same 

region is less positive in the structure of ferricytochrome. However, this suggested 

mechanism is based on the hypothesis that electrostatic surfaces of cytochrome c and 

cytochrome c2 are very similar. 
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Figure 3.11: Overlap of the structure of photosynthetic Reaction Centre - cytochrome c2 

complex from Rhodobacter Sphaeroides (PDB code: 1L9J) and the structure of the Horse Heart 
cytochrome c, crystallized in presence of nitrate ions. In the inset, details of the interaction 

region: the cytochrome c2, coloured in light blue, and the Horse Heart cytochrome, coloured in 

white, show small differences in their three-dimensional structures, but the overall structure is 

very similar.  

 
 

 

 
Figure 3.12: Electrostatic surfaces of Reaction Centre (left) and Horse Heart cytochrome c 

(right). The latter is supposed to have a interaction surface similar to the physiological partner of 
the Reaction Centre, the cytochrome c2. The regions of the surface with negative charge are 

coloured in red, while the regions with positive charge are coloured in blue. The hydrophobic 
regions appear white. The positions of the nitrate – cytochrome c interaction sites are shown. 
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4. Assembly and functionalization of supramolecular porphyrin 

systems 

4.1 Calixarene – porphyrin complexes 

In previous studies, various supramolecular complexes of calixarenes and 

porphyrins, kept together by non-covalent interactions, were synthesized and 

characterized through spectroscopy, electrochemical methods and X-ray diffraction on 

single crystals [1-3]. By templating action of a positively charged porphyrin onto a poly-

anionic calixarene, crystals of calixarene/porphyrin complexes with stoichiometry tuned 

by pH were obtained [1, 3]. Starting from a central 4:1 calixarene:porphyrin species 

(Figure 4.1a), it has been shown [3] that it is possible to stack, above and below the 

central porphyrin, up to six metallated or non-metallated porphyrins to form a final 4:7 

species. Particularly, crystallization trials at pH 2 result in a structure made up of 

neutral 4:3 calixarene:porphyrin units (Figure 4.1b). These units were found to pack in 

such a way to form large 1-D channels (11 Å x 13 Å), running along the z 

crystallographic axis and filled by water molecules [1]. 

 

a) 
b) 

 

Figure 4.1: Supramolecular 4:3 calixarene:porphyrin complex. (a) The host-guest interaction 

formed by a central tetracationic porphyrin and four multi-anionic calixarenes. Each calixarene 

hosts a sodium ion (violet circles) in the lower rim. The two porphyrines stacking with the central 

porphyrin above and below the figure plane have been omitted for clarity. (b) Side view of the 

supramolecular 4:3 calixarene:porphyrin complex at pH 2. The two calixarenes interacting with 

the central porphyrin above and below the figure plane have been omitted for clarity. 

 

However, when crystallization occurs at pH 6, a tetraanionic 4:5 

calixarene:porphyrin unit self-assembles, with two further porphyrins stacked above 

and below the supramolecular complex. In these crystals, further tetracationic 

porphyrin units balance the charge of the 4:5 units forming a relatively closed packing 

(Figure 4.2).  
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Figure 4.2: Side view of the supramolecular 4:5 calixarene:porphyrin complex at pH 6. The two 

calixarenes interacting with the central porphyrin above and below the figure plane have been 
omitted for clarity. 

 
Instead, the X-ray analysis of crystals of the complex, obtained from a buffered 

solution at pH 8.2 showed that the supramolecular 4:3 calixarene:porphyrin units can 

stack in polymeric chains [3]. These chains are packed to form channels occupied by 

free cationic porphyrins, for an overall 4:5 calixarene:porphyrin ratio in the crystal.  

 

4.1.1 Calixarene – porphyrin complex (pH 9.5) 

When crystallization trials are set up using a buffered solution at pH 9.5 (ammonia 

buffer), a new highly porous tetragonal crystal form of calixarene/porphyrin 

supramolecular complex can be obtained with a symmetry, higher with respect to those 

obtained at lower pH. The X-ray analysis reveals the presence in the asymmetric unit 

of 2 calixarene molecules and 1.5 porphyrin molecules located close to an inversion 

centre in such a way that a trimeric porphyrin ensemble is arranged around the 

crystallographic symmetry. Each calixarene molecule behaves as a host for the N-

methylpyridinium moiety of the half independent porphyrin, while the complete 

porphyrin stacks on the previous symmetric porphyrin through π-π interactions. The 

macro-rims lay on almost parallel planes (angle between porphyrin mean planes: 

3.4(2)°), at a distance between the centres of about 4.1 Å. The inversion centre located 

in the centre of the half independent porphyrin generates a 4:3 calixarene:porphyrin 

units similar to those obtained in crystallization experiments at low pH values. 

However, the anionic 4:3 calixarene:porphyrin units of Figure 4.1b are held together 

in a new fashion with respect to the previously reported structures [1, 3]. The four 

carboxylate rims of the 4:3 units are bridged by Na+ ions to the carboxylate rims of 

adjacent 4:3 units to form an approximately two dimensional squared network (Figure 

4.3). The angles between the 4:3 units, calculated from the centre of the central 

porphyrin, are 92° and 88°, respectively, while the openings have exceptionally large 

dimensions of 23 x 27 Å. 
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Figure 4.3: The two-dimensional network of the 4:3 units of porphyrins and calixarenes. The 

square grid network is slightly distorted towards a diamond shape with 92 and 88° angles. The 

dashed line highlights a 4:3 unit. 

 
The Na+ ions bridging the calixarene carboxylate rims of the adjacent 4:3 units are 

octa-coordinated (in a square anti-prism arrangement) by the carboxylate oxygen 

atoms. These oxygen atoms also coordinate in a cubic arrangement the sodium ions 

hosted in the calixarenes (Figure 4.4). The electron density maps of this structure also 

show the presence of one OH(CH2CH2O)4CH2CH2OH molecule (from PEG 300 used 

for crystallization) per asymmetric unit, located close to the calixarene surface (Figure 

4.4). 

The density of the bridging sodium ions was initially interpreted as a potassium ion. 

In fact, using the scattering factor of a sodium atom the anisotropic thermal factor of 

this species refined to a value which seemed too lower if compared to neighbouring 

atoms. 
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(a) 

(b) 

 

 

Figure 4.4: (a) Electron density maps (contour level: 2σ) in the calixarene bridging region of 

crystal structure of the calixarene-porphyrin complex at pH 9.5. (b) The sodium ion (purple) 
bridging the calixarene carboxylate rims of the adjacent 4:3 units are octa-coordinated in a 

square anti-prism arrangement by the carboxylate oxygen atoms. A molecule of PEG and a 

water molecule are visible close to the calixarene-calixarene system. 

 

On the contrary, the thermal parameter obtained using the potassium scattering 

factor was similar to those of the sodium ions hosted among lower rims of the 

calixarenes. The presence of the potassium ion was initially attributed to a mistake 

during the preparation of the crystallization drops. The contamination of the mother 

solution with the concentrated potassium chloride solution used for the pH-meter 

electrode was supposed to explain the presence of this metal ion.  

Afterwards, further crystallization experiments were set up to verify the presence of 

this ion and its contribution to the crystal packing. Thus, solutions of other alkali and 

alkaline earth metals, i.e. lithium, sodium, potassium, rubidium, caesium, calcium and 

magnesium, were introduced in crystallization drops. The resulting crystals belonged to 

the same tetragonal group of the previous and showed a similar arrangement of 4:3 

units with similar electron density in the calixarene bridging region. On the other hand, 
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the coordination distances of this ion are more consistent with the assignment of a 

sodium rather than a potassium species. All these results indicate that the initial 

interpretation of this electron density peak as a potassium ion was probably wrong and 

the presence of such low values was attributed to the strong coordination of the six 

negatively charged carboxylate oxygen atoms, which probably reduce its vibrational 

motions. 

The supramolecular assembly was described through the evaluation of some 

angles and distances. In particular, the relative position of the calixarene molecules 

interacting with the central sodium ion was determined using as a parameter the angle 

between the mean planes described by the four methylenic carbon atoms, bridging 

between two aromatic subunits of each calixarene. These planes were identified as δ 

planes. The angle between δ planes of the two calixarenes, that in the present 

structure is 2.8(2)°, is required to evaluate the tilt angle between the two cavities and, 

thus, between the 4:3 units. The low value indicates that in this structure the cavities 

are almost concentric. Another parameter used to evaluate the tilt between cavitands is 

the angle hosted sodium-bridging sodium-hosted sodium, defined as γ angle. In the 

structure, the value of this angle of 178.10(7)°, confirms the very slight tilt of the two 

4:3 units.  Moreover, the distance between the sodium ions hosted amongst the 

calixarene lower rim substituents is of 6.680(3) Å, indicating the interaction distance 

between the calixarene molecules. Distances between these sodium ions and the 

bridging central one were calculated, being equal to 3.332(3) Å and 3.349(3) Å. 

The two-dimensional network of Figure 4.3 are parallel to the crystallographic y,z 

plane and stacked at x = ¼ and ¾. These planes interpenetrate with identical two-

dimensional networks, parallel to the x,z plane and stacked at y = 0 and ½ (Figure 

4.5a). The resulting three-dimensional network has large interconnected channels, 

occupied by sodium ions, PEG and solvent molecules. In particular, a series of parallel 

channels of minimum dimensions 6 x 6 Å are formed along the tetragonal z axis 

(Figures 4.5a and 4.6a). These channels are interconnected with two other series of 

channels of dimensions 6 x 24 Å (Figure 4.5b), running along the x and y axes, 

respectively. The projection along x axis is shown in Figure 4.6b. The sodium ions as 

well as the PEG molecules located into the channels are very close to the walls, 

determining a decrease of the opening of the channels. 
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Figure 4.5: Schematic view of the interconnecting planes of the structure of calixarene-
porphyrin complex formed at pH 9.5: (a) view along the z axis and (b) view along the x axis. 

The view along the y axis is referred to that in (b) by a translation of the origin of ¼ along the 

two axes. 

 

 

a)  b) 

a 

b c 

b 

 

Figure 4.6: Projections of the structure along (a) the z axis and (b) the x axis. The view along 

the y axis is referred to that in (b) by a translation of the origin of ¼ along the two axes. 

 
The volume of the large pores of the structure was calculated using the option 

VOID of the program PLATON [4]. This software is used to check the voids within the 

unit cell as possible sites for solvent molecules. The unit cell is divided using a grid 

with spacing of 0.4 Å (default value) and it is filled with atoms of the structural model, 

adding the symmetry related molecules, with van der Waals radii assigned to each 

atom involved. Then, a grid search is performed to generate a list of all grid points in 

the unit cell being at 1.2 Å (default value) or more form the closest van der Waals 

surface. The previous list is used to identify solvent accessible areas, considering the 

listed grid points connected to others and, thus, belonging to the same void region of 
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the structure. The volume of each region of the unit cell identified by listed grid points is 

calculated. The regions identified using this program are those accessible to solvent 

diffused through the channel of the structure.  

For the present structure, the software VOID [4] identified void regions for a total 

volume corresponding to 53.1 % of cell volume, when the model containing calixarene, 

porphyrin, PEG and solvent molecules and sodium ions was used. However, when a 

model containing only the framework constituents, i.e. calixarene and porphyrin 

molecules, sodium ions hosted in amongst the substituents of the lower rims of 

calixarenes and bridging sodium ions, was used, the calculated volume increased to 

60.8% of the whole volume of the unit cell (56,7% if the sodium ions located in the 

channels are included). 

The pore volume in this structure is the highest so far observed in framework held 

by weak non-directional interactions. Only few frameworks obtained by directional 

interactions have larger voids [5].  

 

4.1.2 Diffusion of metal ions in the porous crystals of calixarene-

porphyrin complex 

These zeolite-like single crystals, constituted by a three-dimensional 

multicomponent supramolecular framework, which accounts for only 39% of the crystal 

volume, can be easily functionalized by diffusion of metal ions in aqueous solution. 

Solutions of bivalent metallic ions were selected and, in particular, transition metals 

were preferred for their well known catalytic properties.  

The diffusion times of the metal ions in the crystal were evaluated in order to 

optimise the soaking experiments. A software, developed in the laboratory where the 

experimental work of the present thesis was conducted [6], was used for this 

evaluation. Considering the physical and chemical properties both of porous crystals 

and diffusing ions, the model applied by this software allows the estimation of the 

diffusing coefficient. In particular, from the shape of the diffusing molecule the Stokes 

translational radius and the traslational diffusion coefficient are calculated. Afterwards, 

the structure of the porous crystal is taken into account to measure the void volume 

accessible to the diffusing molecule, on the basis of its Stokes radius. Finally, the 

crystal size is required, since diffusion processes also depend on the dimensions of the 

crystal.  

As diffusing molecule, the model of a esa-aquo metal ion was used to evaluate the 

diffusion times of all the ionic species used in the soaking experiments, since the 

differences regarding the radius are smaller among the same transition metal series. A 

highly solvated species is probably formed in the water solution immediately after the 
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salt is dissolved. For this metal ion, a diffusion coefficient of 7.8·10-6 cm2/s with a 

Stokes radius of about 3 Å was calculated. Considering the structure previously 

determined, 31.10% of the volume of this crystal results to be accessible to the esa-

aquo metal ion. Since in the crystallization experiments crystals with different 

dimensions were obtained, a maximum and a minimum set of dimensions were 

estimated. The smaller crystals measured about 0.1 mm × 0.1 mm × 0.3 mm and for 

these dimensions a diffusion constant of 1.91·10-7 cm3/s was calculated. For the larger 

crystals, measuring 0.2 mm × 0.2 mm × 0.5 mm, a diffusion constant of 3.26·10-7 cm3/s 

was calculated.  

Afterwards, diffusion kinetics was simulated using the software Gepasi [7] and the 

graphics of concentration of the diffusing species in the crystal against time of diffusion 

were calculated, considering a concentration of the metal ion of about 6 mM in the 

crystallization drop (Figure 4.7). The results of these simulations clearly show that, for 

a small crystal, a two minutes diffusion time is sufficient to reach in the channels of the 

structure the same concentration of the crystallization solution, whereas for a large 

crystal half a hour is required. 
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Figure 4.7: Simulation of the diffusion kinetics for a small (blue line) and a large crystal (green 

line), using the diffusion constants calculated as reported by Geremia and co-workers [6]. The 

graphic was obtained using the software Gepasi [7]. 

 

In drops containing crystals and with a calixarene:porphyrin ratio equal to 4:5, 

immediately after diffusion of solutions of metal ions, the colour of the drops changed. 

This rapid alteration is a clue that the metallation reaction happened in the drop. In 

particular, in crystallization drops soaked with a zinc solution, the appearance of a 

green colour indicated that zinc-poprhyrins were present in solution. However, similar 

experiments were also carried out on crystallization drops containing a solution of 4:3 

calixarene:porphyrin ratio. The mother solution of these trials was paler than the 

previous, indicating that the amount of porphyrins still present in solution was strongly 
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reduced. When solutions containing metal ions were added to these drops, there was 

no colour change.  

These results point out that the metallation reaction is probably possible only on the 

porphyrins in solution, while, once the complex is formed, the reaction is prevented by 

the inertness of the complex.   

 

4.1.3 Structural variations due to the presence of Zn2+ ions  

As shown from the first analysis of the crystallographic data, the unit cell of the 

crystal after diffusion of zinc ions is similar to that of the calixarene-porphyrin complex 

before the diffusion experiment. The structure obtained shows a framework similar to 

the one previously obtained (Figure 4.8). 

 

a)  b) 

a 

b 
c 

b 

 

Figure 4.8: Projections of the structure of the crystals of calixarene-porphyrin complex after 

diffusion of zinc ions, along (a) the z axis and (b) the x axis. The view along the y axis is 

referred to that in (b) by a translation of the origin of ¼ along the two axes. 

 

However, the refinement protocol using the structure of the 4:3 unit, previously 

determined, as a rigid model does not behave well and a new initial guess of the 

phases of the structure factors was required. Probably, the reason lies in the 

impossibility to superimpose the two structures due to a shift of the framework. 
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4.1.3.1 Binding sites of the zinc ions 

Since, in the mechanism of porphirin metallation, an intermediate with two zinc ions 

surrounding the porphyrin centre has been proposed [8], one should expect to find out 

that the porphyrins of the 4:3 units have not been metalled, due to the close π-π 

stacking that prevents an approach from both the sides of the porphyrin. In fact, 

despite the ease and fast reactivity of the zinc ions with the porphyrin macrocycles in 

solution, as suggested from the observation of the colour change of the drops (see 

above), the crystal structure shows the absence of metal ions in the macrocycles.  

However, these ions coordinated to the carboxylate groups of the lower rim of the 

calixarenes in the crystal. In particular, two zinc ions in the asymmetric unit were found 

in this location, with a slightly distorted tetrahedral coordination, bond angles among 

101° and 117°. Both zinc ions are bound to two carboxylate groups belonging to 

different calixarene molecules, to a water molecule and a chloride ion (Figure 4.9).  

 

 

Figure 4.9: Electron density maps (contour level: 2σ) in the calixarene bridging region of crystal 

structure, obtained after diffusion of zinc ions in the crystals of calixarene-porphyrin complex at 

pH 9.5. The two zinc ions (yellow) coordinate the carboxylates of two adjacent calixarenes. A 

chloride ion (green) and a water molecule (red) complete the distorted tetrahedral coordination 

around the zinc ion. The central sodium ion assumes a distorted snub disphenoid coordination. 

 

The bridging sodium ion is still present between the calixarene molecules, at a 

mean distance of 3.708(4) Å from the sodium ions hosted among the substituents of 

the lower rim of the calixarene molecules. However, the geometry of the coordination 

of this ion is changed with respect to the calixarene-porphyrin complex without metal 

ions (Figure 4.10). Three oxygen atoms of the carboxylate group of one calixarene, 

three oxygen atoms belonging to the other cavitand and two water molecules, each 

coordinated at a zinc ion, surround the central sodium ion, at a mean distance of 

2.951(8) Å (maximum distance of 3.01(1) Å for a water molecule and minimum 
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distance of 2.866(8) Å for an oxygen atom of a calixarene). A further sodium ion, in an 

external position with respect to the interaction between the cavitands, was localized 

similarly to the previous structure.  

 

(a) 

(b) 

 

 

Figure 4.10: (a) Coordination of the central sodium ion to six carboxylic oxygen atoms of the 

calixarene molecules and two water molecules (red spheres), in the structure of the crystals of 

the complex between calixarene and porphyrin, soaked with a zinc solution. The geometry of 

this coordination is a distorted snub disphenoid (b). 

 

4.1.3.2 Changes in the framework of the complex 

To elucidate the changes in the relative position of the two calixarene molecules, 

the angle γ between the three sodium ions was calculated, having a value of 176°, 

slightly smaller than the angle found in the original crystal structure. The distance 

between the two sodium ions hosted amongst the lower rims of the cavitands is larger 

than before: 7.411(4) Å. The angle between the δ planes of the calixarene molecules 

was calculated. The value of 16.3(2)° is bigger than the value of 2.8(2)° obtained for 

the previous structure.  

These geometrical results indicate a shift in the relative position of the calixarenes 

molecules with respect to the native structure. The introduction of the zinc ions in the 

framework of these crystals has produced an enlargement of the interaction distance 

between the cavitands and a rotation of these molecules to allow the interaction with 

the metals. 

As regards the regions occupied by the solvent, no PEG molecules were detected 

in this structure, while 5 additional sodium ions were localized close to the negative 

charged solfonic groups on the upper rim of the calixarenes. 
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4.1.4 Structural variations due to the presence of Ni2+ ions 

4.1.4.1 Solid state-solid state transition 

The first analysis of the data collection revealed a change in the symmetry of the 

crystals obtained after diffusion of nickel. In particular, some additional systematic 

absences were found and the reflections were indexed in a space group with a higher 

symmetry, I 41/a m d. The new cell contains two additional mirror planes, perpendicular 

to the x ([100]) crystallographic direction and to the y ([010]) crystallographic direction; 

moreover, a diamond glide plane is added, perpendicular to the [110] direction. 

The diffusion of nickel ions in the porous structure of the calixarene-porphyrin 

complex has probably produced a solid state to solid state transition between to crystal 

forms. This solid-state/solid-state transition implies a severe reorganization of the 

molecules (Figure 4.11), with reduction of crystallinity of the solid. The low quality of 

the data and, particularly, of the low resolution (1.9 Å) obtained for this structure has to 

be ascribed to this rearrangement.   

 

a)  b) 

a 

b 

c 

b 

 

Figure 4.11: Projections of the structure of the crystals of calixarene-porphyrin complex after 

diffusion of nickel ions, along (a) the z axis and (b) the x axis. The view along the y axis is 
referred to that in (b) by a translation of the origin of ¼ along the x axis and -¼ along the y axis. 

Comparing this images with Figures 4.6 and 4.8, the increase of the symmetry of the crystal is 
noticeable. 

 

The asymmetric unit contains: a calixarene molecule, hosting a sodium ion 

between the lower rim substituents; half of a porphyrin molecule, which is 

intermolecularly related by a reflection plane passing through two opposite pyridinium 

groups; a quarter of another porphyrin, which is intermolecularly related by 2/m 

element, with the mirror plane perpendicular to the mean plane of the porphyrin and 

passing through a pyrrolic nitrogen and the axis lying in the plane of the porphyrin and 
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passing through another pyrrolic nitrogen. The asymmetric unit is completed by a 

nickel ion; 2 additional sodium ions, one in a site at full occupancy, one in a symmetry 

site at half occupancy and another half ion in a disordered site and a water molecule. 

 The framework of the structure is similar to the previous, showing the presence of 

4:3 calixarene : porphyrin units, packed together though the interactions of the 

carboxylic groups on the lower rim with metallic cations. The porphyrin obtained from 

the quarter independent by the action of the 2/m element corresponds to the central 

one in the previous structures, half independent, while the half porphyrin molecule 

found in this structure is stacked with a π-π interaction. 

 

4.1.4.2 Binding sites of the nickel ions and displacement of the bridging sodium 

ion 

Despite the changing of the colour of the mother solution during diffusion 

experiment, suggesting that the porphyrins still present in the solution have been 

metalled by the nickel ions, no metallic ions were found in the centre of the porphyrins 

of this structure.  

As in the structure obtained after diffusion of zinc chloride, a nickel ion was found 

bound to the carboxylate groups on the lower rim of the calixarene. Considering the 

presence of an additional two-fold axis, due to the change of space group of the 

crystal, localized opposite to the calixarene lower rim, there are two nickel ions bridging 

the two calixarene moieties, each of them interacting axially with two carboxylate 

groups of different calixarene molecules (Figure 4.12). Moreover, the sodium ion that in 

the previous structures was found between the two calixarene molecules is not yet 

present after the diffusion of nickel ions. Thus, the interaction between the two 

negatively charged lower rims is mediated only by the cations diffused in the 

framework.  

The geometry of coordination of the nickel ions is not completely clear, because of 

the low resolution of the data collected (Figure 4.13). However, it was possible to 

localize a water molecule in the electron density around the nickel atom. The shape of 

the residual electron density reminds a trigonal bipyramidal coordination, where the 

two axial ligands are carboxylates, while the equatorial positions are occupied by water 

molecules. 
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Figure 4.12: Electron density maps (contour level: 1.5σ) in the calixarene bridging region of 

crystal structure, obtained after diffusion of nickel ions in the crystals of calixarene-porphyrin 

complex at pH 9.5. Two nickel ions (grey), related by a 2-fold axis, coordinate axially two 

carboxylate of two symmetry related calixarenes, while the bridging Na+ ion is displaced 

outside the calixarene-calixarene interface. A further ligand, tentatively assigned as water 

molecule (red), was detected as part of the incomplete coordination sphere of the nickel ion. 

 
 

 

Figure 4.13: Electron density maps in the nickel region of the crystal structure of the 

calixarene-porphyrin complex soaked with nickel chloride. The levels of the map are set to 

1.5 σ (blue map) and to 5 σ (black map). 
 

 

4.1.4.3 Changes in the framework of the complex 

As for the structure containing zinc ions, the relative position of the two calixarene 

molecules was analysed. Unlike the previous structure, the calculation of the angle γ 

between the three sodium ions is not possible for this structure because of the 

displacement of the central sodium ion. However, the angle between the δ planes of 
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the calixarene molecules was calculated, obtaining a value of 17.4(2)° similar to that of 

the structure where zinc ions were diffused. Moreover, the value of the distance 

between the sodium ions hosted among the substituents of the lower rim (7.69(1) Å) 

indicates that the calixarene molecules are not only more rotated, but also more tilted 

with respect to their positions in the initial framework. 

The structure obtained from crystals soaked with a nickel solution was 

superimposed to the structure containing zinc ions. A slight rotation of the porphyrins 

was noticed with a consequent shift of calixarenes. As regards the regions occupied by 

the solvent, no PEG molecules were detected in this structure, while two additional 

sodium ions were localized close to the negative charged solfonic groups on the upper 

rim of the calixarenes. 

 

4.1.5 Structural variations due to the presence of Cd2+ ions 

The diffraction analysis on the crystals of calixarene-porphyrin complex after 

diffusion of cadmium ions revealed the same crystal cell of the native one. However, as  

happened in the case of the structure containing zinc ions, the refinement procedure 

using the new dataset of reflections and the previously obtained model of the 

framework did not behave well. Actually, the disposition of the 4:3 calixarene : 

porphyrin units is slightly different due to the interaction of the negatively charged 

channels of the framework with the metallic cations.  

 

4.1.5.1 Binding sites of the cadmium ions and displacement of the bridging 

sodium ion 

The electron density maps allow the determination of the positions of the cadmium 

ions and show that the porphyrins of the 4:3 units do not contain a metallic ion in the 

centre. However, cadmium atoms are still present in the same region where zinc and 

nickel ions were localized, i.e. at the interface between two different 4:3 units, among 

the carboxylic groups of the calixarenes (Figure 4.14). The electron density maps show 

the presence of two cadmium ions, both with the same coordination sphere. In 

particular, they interact with two carboxylate groups, each belonging to a different 

calixarene, and with three other ligands, that are all chloride ions, for one cadmium ion, 

or two chloride ions and a water molecule for the other metallic ion.  
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Figure 4.14: Electron density maps (contour level: 2σ) in the calixarene bridging region of 

crystal structure, obtained after diffusion of cadmium ions in the crystals of calixarene-porphyrin 
complex at pH 9.5. Two cadmium ions (beige) coordinate two carboxylates of different 

calixarenes, while the bridging sodium ion is displaced outside the calixarene-calixarene 

interface. The coordination sphere is completed by three chloride ions (green) for on cadmium 

and two chlorides and a water molecule (red) for the other. 

 

The geometries of coordination of these ions are a pentagonal bipyramid for the 

first ion (Figure 4.15a), having a chloride (distance: 2.314(7) Å) and a water molecule 

(2.292(8) Å) on the axis and the last chloride (2.398(8) Å) and two carboxylate groups 

on the basis (distances of the cadmium ion form the oxygen atoms ranging from 

2.360(7) Å to 2.387(8) Å), and a trigonal bipyramid for the second (Figure 4.15b), 

having two chlorides (distances: 2.504(5) Å and 2.581(7) Å) on the axis and the last 

chloride (2.17(1) Å) and two oxygen atoms of the carboxylates on the basis (2.159(8) Å 

and 2.226(8) Å). In the former coordination type, the metallic ion shows a chelate type 

bond with the carboxylate groups.  

 

 
(a) (b) 

 

Figure 4.15: Coordination geometry of the two cadmium ions located at the interface between 

the calixarene molecules (electron density maps, contour level: 1.5σ). 
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4.1.5.2 Changes in the framework of the complex 

As for the previous structures, some geometrical parameters were used to 

determine the changes in the framework induced by the presence of the metallic ions. 

In particular, the distance between the sodium ions hosted among substituents of the 

lower rim of calixarenes results to be larger (7.855(8) Å) than both similar distances 

measured in the zinc-soaked and in the nickel-soaked structures. The relative rotation 

between the calixarene molecules was measured considering the angle α, i.e. the 

angle between the planes of the calixarene containing the methylene bridges. The 

value of 12.4(3)° indicates that the calixarene molecules are slightly less rotated in this 

structure with respect to the previous one soaked with metallic ions. 

 

4.1.5.3 Presence of two further porphyrins in the channels of the structure 

During refinement, the analysis of electron density in regions occupied by the 

solvent revealed the presence of two additional porphyrins, at a statistical occupancy 

of 50% (Figure 4.16). These additional porphyrins are located at the sides of the 

calixarene-calixarene interface. Due to the low occupancy factors of these porphyrins, 

some of the N-metylpyridinium groups are not completely visible in the electron density 

maps. However, the electron density maps show a weak electrostatic interaction 

between a N-methylpiridinium group of each porphyrin and a carboxylic group of the 

framework, at a mean N-O distance of 3.7(2) Å, and a similar interaction of the same 

group with a chloride ion located close to the calixarene-calixarene interface, at a 

mean N-Cl distance of 3.9(5) Å. Moreover, another N-methylpiridinium group of each 

porphyrin interacts with a solfonic group of calixarenes, mean N-O distance 3.3(2) Å. 

In the centre of the macrocycle, a peak in the Fourier map indicated the 

complexation of a metallic ion, set in the model as a cadmium ion. A careful analysis of 

the electron density in this region revealed that each metallic ion binds a water 

molecule axially with respect to the coordination to the macrocycle. Thus, the 

coordination of each metal ion is a square pyramid, formed by four bonds with the 

pyrrolic nitrogen atoms on the porphyrin plane (mean distance: 2.196(9) Å) and an 

axial bond with the water molecule (distance: 2.43(3) Å). The cadmium ion lies roughly 

in the plane of the aromatic system of the porphyrin, at a distance from it of 0.825(7) Å 

and 0.814(7) Å, for the two independent porphyrins.  

The presence of these additional porphyrins is surprising considering that in 

none of the previous structures a similar insertion was found. Probably, this 

result is allowed by the presence in the crystallization drop of an excess of 

porphyrin (4:5 calixarene:porphyrin), with respect to the stoichiometry of the 

complex (4:3 calixarene:porphyrin). There are two possible mechanisms for the 
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insertion of the tetracationic molecules, i.e. the diffusion of porphyrins through 

the channels of the framework and, afterwards, the reaction of insertion of the 

metal in the macrocycle, or the diffusion of already metalled porphyrins in the 

channels. The absence of porphyrins in correspondent positions in the previous 

structures may indicate that the diffusion process is induced by the presence of 

the cadmium ions in the macrocycle and, thus, may be a clue that the latter 

mechanism is the predominant, if not the unique. 

 

 

Figure 4.16: Electron density maps (contour level: 0.8σ) in the region of crystal structure 

obtained after diffusion of cadmium ions, containing partial occupancy porphyrins. Two 

porphyrins are crystallographically independent, while the other two visible in this image are 

related to the previous by an inversion centre. Due to the low occupancy, the porphyrins are not 

completely visible. However, two cadmium ions (beige) at the same occupancy were localized 

in the macrocycles. Moreover, each cadmium ion binds a water molecule in an axial 

coordination position. These porphyrins are localized at the sides of calixarenes of the 
framework (on the right and on the left in the image). 

 

Using the same model as for the diffusion of metal ions (see paragraph 4.1.2), the 

diffusion time of the metal-containing porphyrin in the crystal channels was calculated. 

Since the software calculates a mean Stokes radius for the diffusing molecule [6], it 

does not take into account the particular shape of the porphyrin. Therefore, the value 

obtained for the Stokes radius, 6.4 Å, was modified considering half the largest 
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dimension of the porphyrin, having a value of about 8 Å. Using this value, the 

accessible volume of the channels of the crystal to the porphyrin results 6.10% with 

respect to the whole crystal volume, while the translational diffusion coefficient of the 

porphyrin is 3.4·10-6 cm2/s. The diffusion constant for a small crystal (0.1 mm × 0.1 mm 

× 0.3 mm) has a value of 3.17·10-9 cm3/s, while for a large crystal (0.2 mm × 0.2 mm × 

0.5 mm) is 5.40·10-9 cm3/s. With these values, the kinetics were simulated using 

Gepasi [7], obtaining the curves shown in Figure 4.17. Therefore, diffusion times of the 

porphyrin in the crystals are in the range between one hour and 6 hours, depending on 

the dimensions of the crystals.  
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Figure 4.17: Simulation of the diffusion kinetics of a porphyrin for a small (blue line) and a large 

crystal (green line), using the diffusion constants calculated as reported by Geremia and co-
workers [6]. The graphic was obtained using the software Gepasi [7]. 

 

The results form the kinetic simulations are in agreement with the hypothesis that 

porphyrins have been metalled in the mother solution and have diffused in the crystal 

through the large channels of the structure. 

 

4.1.6 Introduction of nickel ions through co-crystallization 

Considering the poor results obtained from the soaking experiments, due to the 

rapid damage induced by the diffusion of the ions in the crystals, new experiments 

were set up using the co-crystallization method to reduce such damage. Thus, the 

calixarene-porphyrin-nickel complex is formed before crystallization.  

The first analysis of diffraction datasets from these crystals revealed that the unit 

cell is not at higher symmetry, as expected for the formation of a complex similar to the 

one obtained by soaking experiments, but the complex crystallizes in a I 41/a space 

group (Figure 4.18), as the calixarene-porphyrin complex without metal ions. However, 
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the quality of crystals obtained from co-crystallization experiments allows to obtain a 

higher resolution dataset. 

 

a)  b) 

a 

b 
c 

b 

 

Figure 4.18: Projections of the structure of the crystals of nickel-calixarene-porphyrin complex, 

along (a) the z axis and (b) the x axis. The view along the y axis is referred to that in (b) by a 

translation of the origin of ¼ along the two axes. 

 

4.1.6.1 Binding sites of the nickel ions 

Analysing the electron density map in the region of the porphyrins, it is remarkable 

that no metal ions were found in the centre of these molecules. Despite the fast 

change of colour noticed when mixing a porphyrin solution with a nickel chloride 

solution, that reveals the introduction of nickel in the macrocycles of porphyrins, 

porphyrins in the crystal have not been metalled before crystallization. Probably, the 

inhibition of the metallation reaction is due to the faster formation of the complex 

between calixarenes and porphyrins, immediately after mixing the solution containing 

porphyrins and the solution containing calixarenes and metal ions. Afterwards, the 

stability of this complex allows the growth of crystals containing non-metalled 

porphyrins. Thus, the calixarenes act as protecting groups towards the complexation of 

the porphyrins with the metal ions not only in the solid state structure, as demonstrated 

by the soaking experiments, but also in solution. 

However, the unit cell contains nickel ions in positions similar to those previously 

described for the structures of the calixarene-porphyrin complex after diffusion of zinc, 

nickel and cadmium ions (Figure 4.19). In particular, the electron density maps allow 

the localization of three metal ions in the region between the lower rims of the two 

independent calixarenes. One of these nickel atoms is coordinated to a pyridinic group 

of the completely independent porphyrin, which have lost its methyl group. All other N-

methylpyridinium groups of the porphyrins are still present.  
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Figure 4.19: Coordination of the three nickel ions found in the structure of the complex nickel-

calixarene-porphyrin obtained by co-crystallization. The porphyrin coordinating a metal ion 

through the pyridine nitrogen atom is only partially visible in the lower part of the figure. 

 

The three nickel ions show a distorted octahedral coordination geometry, but have 

different coordination spheres. The one coordinated to the porphyrin (distance nickel-

nitrogen: 1.98(1) Å) is also coordinated in a cis to a oxygen atom of a carboxylate 

group (distance nickel-oxygen: 2.01(1) Å) of a cavitand and to 4 water molecules, at a 

mean distance of 2.07(1) Å (Figure 4.20a). Another nickel ion is coordinated only to an 

oxygen atom of a carboxylate group (distance: 2.03(1) Å) and completes its 

coordination sphere with bonds to water molecules, at a mean distance of 2.03(2) Å 

(Figure 4.20b). The last metal ion is the one and only bridging between the 

calixarenes, since it is bound to two oxygen atoms of a carboxylate group of a cavitand 

(mean distance nickel-oxygen: 2.10(1) Å) and to another oxygen belonging to a similar 

group of the other independent calixarene (distance: 1.967(9) Å). The coordination 

sphere is filled by three water molecules, at a mean distance of 2.01(1) Å (Figure 

4.20c).  
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(a) (b) 

(c) 

 

Figure 4.20: Coordination geometries of the three nickel ions located at the interface between 

the calixarene molecules (electron density maps, contour level: 1.5σ). The metal ion is 
coordinated (a) to an oxygen atom of a carboxylate, a nitrogen atom of a pyridine ring of a 

porphyrin and 4 water molecules, or (b) to an oxygen atom of a  carboxylate and to 5 water 

molecules, or (c) to three oxygen atoms belonging to two carboxylate groups of different 

calixarenes and to 3 water molecules. 
 

4.1.6.2 Possible reasons of the loss of the methyl group of the porphyrin 

The unexpected loss of the methyl group of a porphyrin was analysed considering 

two possible reasons, i.e. the presence on an impurity in the porphyrin sample, a 

species with three methyl groups and with a charge of +3, or the reactivity of a pyridine 

moiety towards a nickel ion. Considering the full occupancy of the metal ion bound to 

the nitrogen atom in the structure obtained and the low amount of porphyrin still 

present in solution after crystallization, the former hypothesis was rejected, since the 

impurity would be at a very high concentration in the starting solution.  

Thus, a reaction has probably happened in the crystallization drop after addition of 

the metal ion. However, the reactive specie is probably the 4:3 calixarene:porphyrin 

unit, since no complexation with nickel ions was detected on the central porphyrin 

hosted in the calixarene cavities, even if the amount of metal ion was larger than the 

porphyrin one.  

Kinetic data about the reaction of complexation of the nickel ion with a pyridine 

derivative show that it is quite faster [9], with a kinetic constant in the order of 10-3 M-1 

s-1. However, the nickel ion reacts slowly with respect to other transition metals, such 

as zinc, cobalt or copper. Probably, a similar complexation was not observed in 

crystals containing zinc, even if kinetic constants are favourable, because of the 

different experimental conditions. Actually, the previous experiments were carried out 

using a soaking technique, while the present was done through a co-crystallization set 

up. The rate determining step for this reaction seems to be the loss of methyl group by 

the porphyrin in the 4:3 calixarene:porphyrin complex in presence of the metal ion. The 
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result of this experiment suggests that the longer time in which the complex solution 

interacts with nickel ions in this experiment allows the demethylation reaction to 

happen, while the shorter period of diffusion of zinc and nickel ions in previous 

experiments did not. 

 

4.1.6.3 Framework of the complex 

As for the previous structures, some geometrical parameters were used to 

determine the changes in the framework induced by the presence of the metallic ions. 

In particular, the distance between the sodium ions hosted among substituents of the 

lower rims of calixarenes results to be significantly larger (8.86(1) Å) than similar 

distances measured in the structures containing metal ions and obtained by soaking. 

Moreover, in this structure, the angle between the δ planes of calixarene molecules 

measures 36.7(3)°. Thus, the two calixarene are more tilted than in the previous 

structures. This structural change is probably due to the presence of a nickel ion 

coordinated to a porphyrin molecule belonging to a different 4:3 unit. This further 

interaction between 4:3 units causes a strain in the coordination of the metal ions to 

both calixarene molecules. Actually, only one of the three nickel ions present at the 

interface of two calixarenes is bridging between them and is coordinated to carboxylate 

groups belonging to different cavitands 

Indeed, looking at the network of 4:3 units stacked on the xz and yz planes (Figure 

4.21), the openings, that were roughly squared in the calixarene-porphyrin structure 

(Figure 4.3), are strongly distorted, due to the coordination of the nickel ion both to a 

calixarene belonging to a 4:3 unit of the network and to a porphyrin belonging to a 

perpendicular network. In the present structure, rectangular openings were found to 

have dimensions of 15 Å × 34 Å. 

To evaluate the distortion induced by the coordination of porphyrins of specific 4:3 

units to nickel ions belonging to different units, the angle between the mean planes of 

the porphyrins was estimated and compared to the value found in previous structures. 

In the present, this angle measures 4.0(3)°, while mean planes of porphyrin were more 

parallel in the calixarene-porphyrin complex (value of the angle between planes: 

3.4(2)°). However, the distortion of the network does not affect greatly the π−π stacking 

interaction between porphyrins, since this is a stronger stabilizing interaction with 

respect to the nickel-nitrogen coordination bond. 
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Figure 4.21: The two-dimensional network of the 4:3 units of porphyrins and calixarenes in the 

structure obtained from co-crystallization experiments using a nickel chloride solution. The 

square grid network observed in the structure of the calixarene-porphyrin complex (Figure 4.3) 
is greatly distorted due to the presence of nickel ions interacting with porphyrins belonging to 

perpendicular networks. The openings have dimensions of approximately 15 Å × 34 Å. 
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4.2 Calixarene – copper porphyrin complexes 

Soaking experiments show that it is possible to introduce metal ions, possibly with 

catalytic properties, without complexing the porphyrin ring with the same ions, thanks 

to the protection of the calixarene complex, further efforts were spent in producing a 

crystal complex similar to that previously obtained, but starting from a porphyrin which 

has already been metallated. The formation of host-guest complexes between 

cavitands and porphyrins, containing metal ions, have been demonstrated both in 

solution and in the solid state [3]. In particular, crystals of a calixarene-copper 

porphyrin at pH 9 have been previously obtained, showing an arrangement similar to 

that of the analogous complex with the non-metalled porphyrin. 

Co-crystallization experiments at pH 9.5 showed that crystals very similar to that of 

the calixarene-porphyrin complex can be easily obtained, in the same conditions, using 

a copper-porphyrin.   

 

4.2.1 Structure obtained by self assembly at pH 9.5 

The crystallographic structure of calixarene-copper porphyrin at pH 9.5 shows that, 

as in the analogous non-metalleted complex, each calixarene molecule behaves like a 

host for the N-methylpyridinium moiety of the half independent porphyrin, containing in 

the centre of inversion a copper ion at 50% occupancy. A complete porphyrin stacks 

on the previous through π-π interactions, the macro-rims laying on almost parallel 

planes (angle between porphyrin mean planes: 0.4(2)°). Another copper ion, at full 

occupancy, is present in the centre of this porphyrin, at a distance from the copper ion 

at partial occupancy of 4.158(1) Å. This ion is coplanar to the ring of the porphyrin, 

being at 0.010(2) Å from the mean plane of the macrocycle. The inversion centre 

located in the centre of the half independent porphyrin allows to obtain a 4:3 

calixarene:copper-porphyrin unit. 

As in previous structures, the anionic 4:3 calixarene:copper-porphyrin units are held 

together though the interaction of carboxylate groups at the lower rims of calixarenes 

with a sodium ion (Figure 4.22), forming an approximately two dimensional squared 

network (Figure 4.23). 
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Figure 4.22: Electron density maps (contour level: 2σ) in the calixarene bridging region of 

crystal structure of calixarene-copper porphyrin complex at pH 9.5. The interaction found in this 

structure is closely related to that observed in the analogous complex obtained using a non-
metalled porphyrin. 

 

 

Figure 4.23: The two-dimensional network of the 4:3 units of calixarenes and copper 

porphyrins in the structure obtained from co-crystallization experiments at pH 9.5. The square 

grid network is very similar to that observed in the structure of the calixarene-porphyrin complex 

(Figure 4.3). 

 

The mutual rotation of the calixarenes involved in this interaction was evaluated 

considering the angle between the δ planes of the two cavitands, that has a value of 

2.5(2)°. The low value of this angle, close to the value obtained for the calixarene-
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porphyrin structure, points out that the cavitands are concentric, hence, the network 

very regular. Probably, regularity is allowed by the strong octa-coordination of the 

bridging sodium ion. Moreover, the distance between sodium ions hosted in calixarene 

lower rims is 6.703(3) Å and they are at 3.346(3) Å and 3.358(3) Å from the central 

sodium ion. The three sodium ions are almost aligned, forming an angle of 177.82(8)°.  

During refinement, as happened for the related structure not containing copper, low 

values of thermal parameters of the bridging sodium ion were noticed, confirming that 

this kind of interaction is so strong that it reduces the thermal vibration of this metal ion. 

Values of distances and angles are close to those of the calixarene-porphyrin 

complex at pH 9.5, confirming that the structures are closely related and show the 

same kind of interactions. The comparison between the two structures allows to 

conclude that the presence of a copper ion in the centre of porphyrin rings does not 

affect the interaction of the lower rims of the calixarenes that host the N-

methylpyridinium moieties of the central porphyrin. 

 

4.2.2 Diffusion of metal ions in calixarene-copper porphyrin crystals 

Since by co-crystallization of the copper porphyrin and the negatively charged 

calyx[4]arene we were able to obtain a complex containing a metallated porphyrin ring, 

the following experiments were devoted to introduce a second metal centre in a 

different position, as achieved for the calixarene-non metalled porphyrin. Thus, new 

materials can be designed containing an artificial light harvesting system, i.e. the 

metalled porphyrin, together with a potentially catalytic metallic centre. 

Considering the results obtained in previous experiments and the fact that the 

crystal structures of calixarene-porphyrin complex and of calixarene-copper porphyrin 

complex are very similar, soaking technique was used with the same experimental 

parameter, i.e. volume added, concentration of soaking solution and time of diffusion. 

The behaviour of crystals during soaking was very similar to the one previously 

observed, confirming the close relation between the structures. In particular, while 

addition of a zinc solution results in a relatively small damage, additions of nickel and 

cadmium solutions cause remarkable changes in the appearance of crystals. 

Moreover, a sensitive reduction of their diffraction power was noticed, allowing to 

collect only a low resolution dataset for a crystal soaking with nickel, while it was not 

possible to obtain suitable diffraction data for the complex containing cadmium. 

In both structures obtained by these soaking experiments, a copper ion was 

present in the centres of porphyrin rings, while the metal ion introduced through 

diffusion was localized in between the calixarene lower rims, as expected from 

previous results.  
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4.2.2.1 Binding sites of the zinc ions 

The analysis of electron density maps in the region between lower rims of 

calixarenes revealed the presence of a sodium ion bridging the cavitands, as in the 

structures of calixarene-porphyrin complex and in the structure of the same complex 

soaked with zinc ions. Therefore, in the present structure too, the sodium ion was not 

displaced from its original position following the diffusion of metallic ions. The distances 

between the central sodium ion and those embedded among the substituents of the 

lower rim are 3.665(5) Å and 3.729(5) Å, while the angle formed by these three atoms 

is of 177.1(8)° and the distance between the sodium ions hosted by the calixarenes is 

of 7.391(4) Å. The values obtained from this structure are similar to those obtained for 

the calixarene-porphyrin structures soaked with metal ions, but they differ from the 

native structures, both with the metalled porphyrin and the non metalled porphyrin, and 

form the structure obtained by co-crystallization with nickel ions. 

Two zinc ions were found to bridge the two crystallographically independent 

calixarenes, being coordinated to two oxygen atoms of carboxylate groups of the two 

lower rims. The coordination sphere of these ions is very similar, with a tetrahedral 

geometry and a water molecule and a chloride ion in the vacant positions (Figure 

4.24). The mean coordination distance of the oxygen atoms of the calixarenes to the 

zinc ions is 1.934(8) Å, while the chloride ion is at 2.229(6) Å and the water molecule at 

1.97(1) Å.   

As for the previous structures, the mutual rotation of calixarene molecules was 

evaluated considering the angle between the δ planes of calixarenes, that in this 

structure has a value of 13.2(5)°, in the range of the values obtained for all the soaked 

crystals (12.4°-17.4°), demonstrating that the coordination of metal ions causes a 

distortion in calixarenes bridging region, i.e. a tilt of the cavitands as well as a opening 

of the packing of the calixarenes, shown by the increasing of the Na+-Na+ distances. 
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Figure 4.24: Electron density maps (contour level: 2σ) in the calixarene bridging region of 

crystal structure of calixarene-copper porphyrin complex at pH 9.5 after soaking with a zinc 

solution. The bridging sodium ion (purple sphere) is still present among the carboxylate groups 

at the lower rim of calixarenes. Furthermore, two zinc ions (blue spheres) were found to bridge 

two carboxylate groups of different calixarenes. Their tetrahedral coordination is completed by a 

chloride ion (green sphere) and a water molecule (red sphere), as shown in the inset. 

 

 

4.2.2.2 Binding sites of the nickel ions 

Due to the fast damage of the crystals after soaking with the nickel solution, the 

resolution of the structure of the calixarene-copper porphyrin containing nickel ions is 

quite low. Thus, the interpretation of the electron density has been harder than for the 

previous structures. However, a sodium ion was found to bridge the calixarene 

molecules as in the native structures and in the structure containing zinc. The thermal 

parameters of this ion are higher than before, indicating a partial displacement of this 

ions, similar to the one observed in the calixarene-porphyrin structure soaked with 

nickel, or a increasing of the vibration due to a weakening of coordination bonds 

involving the bridging sodium ion. 

Geometrical parameters were calculated as for previous structures: the central 

sodium ion is at a mean distance of 3.64(5) Å from the sodium ions hosted among the 

calixarene lower rims, that are 7.27(1) Å apart. The angle formed by these three 

sodium atoms measures 172(2)°. Mutual rotation of calixarene molecules results to be 

very similar to that found in other structures obtained by soaking (angle between the δ 

planes of calixarenes: 13.2(5)°). 
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Moreover, among the substituents of the lower rims of independent calixarene 

molecules, three nickel ions at partial occupancy of 50% were found (Figure 4.25), 

bridging the carboxylate groups of the cavitands. The coordination spheres of these 

ions are not completely visible because of the low resolution of these structures and to 

the partial occupancy of the sites. However, water molecules were introduced in the 

model as electron density peaks were detected around the metal ions (Figure 4.26). 

The following refinement allows to determine an octahedral geometry of two of these 

ions, with two trans positions occupied by oxygen atoms of the cavitands (mean 

distance of 1.90(6) Å) and equatorial positions occupied by water molecules (mean 

distance of 1.9(4) Å) (Figures 4.26a and 4.26b2). For the last nickel ion, a square 

pyramid coordination was detected, with a carboxylate group chelating the ion and 

another position occupied by an oxygen of the other cavitand (mean distance for the 

coordination of nickel with carboxylate oxygens: 2.03(5) Å) (Figure 4.26b1). Other two 

positions were assigned to water molecules, at a mean distance of 1.98(8) Å. 

However, the coordination sphere of this ion is not regular and, probably, not complete. 

 

 

Figure 4.25: Electron density maps (contour level: 1.5σ) in the calixarene bridging region of 

crystal structure of calixarene-copper porphyrin complex at pH 9.5 after soaking with a nickel 

solution. The bridging sodium ion (purple sphere) is still present among the carboxylate groups 

at the lower rim of calixarenes. Furthermore, three nickel ions (green spheres) were found to 

bridge two carboxylate groups of different calixarenes. Further ligands, tentatively assigned as 

water molecules (red), were detected as part of the octahedral coordination sphere of nickel 

ions. 
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(a) 

(b1) (b2) 

 

Figure 4.26: Coordination geometries of the three nickel ions located at the interface between 

the calixarene molecules (electron density maps, contour level: 1.5σ). In (a) and (b2), the metal 
ion is coordinated to two oxygen atoms of carboxylate groups belonging to different cavitands 

and to four water molecules, showing a octahedral geometry. Instead, in (b1), a carboxylate 
group shows a chelate coordination to the nickel, while another carboxylate binds it with a 

single O-Ni coordination bond. In the latter case, the distorted coordination sphere is completed 

by two water molecules and it is not octahedral. As shown in (b1)-(b2), one of the water 

molecules bridges between two nickel ions. 
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4.3 Resorcarene – porphyrin complex 

Tetraphosphorylated cavitands strongly bind cationic species and are particularly 

suitable for ammonium cations. The all-inward orientation (iiii) of the P=O bonds in the 

TiiiiP(O)Ph cavitand 4 (see Materials and Methods 2.3.4) is particularly interesting 

because of its strong propensity to form highly stable complexes with cationic guests 

[10]. Phosphato- and phosphonato-bridged cavitands present interesting host-guest 

properties [11], featuring new applications in sensoring [12-14]. Besides the well-

known cationic recognition properties devoted to this family of ligands [15, 16], 

reversible associations can be applied to the design of more sophisticated 

supramolecular assemblies, including supramolecular oligomers and networks.  

N-Methylpyridinium moieties are complementary guests, as they are bound through 

strong dipolar interactions between CH3N
+ and PO groups and favourable van der 

Waals interactions between the N-methyl group and the resorcarene cavity [17]. In 

order to form highly stable associations, we used tetrakis(N-methylpyridinium) 

porphyrin tetraiodide as a template, which can then associate to four cavitand 

structures. A new porphyrin-based supramolecule consisting of a porphyrin 2 and four 

tetraphosphorylated cavitands 4, with active participation of the iodide counteranion in 

the stabilization of the complex, was obtained in solution and in the solid state and 

characterized through X-ray diffraction and NMR. 

Tetrakis(N-methylpyridinium)porphyrin compounds are generally only soluble in 

water or a very polar solvent such as dimethyl sulfoxyde (DMSO). However, in 

presence of the resorcarene cavitand 4, the tetraiodide salt of the porphyrin is readily 

dissolved in chloroform, indicating immediately the formation of a complex. 

 

4.3.1 Complexation studies in solution 

The assembly was characterized in solution by 1H NMR spectroscopy by the group 

of Professor Dutasta. The exchange between free and bound host is slow on the 

proton NMR time scale. The CH3N
+ protons of the guest are high field shifted with an 

expected chemical shift δ(NCH3) = 1.34 ppm to be compared to δ(NCH3) = 4.70 ppm 

for the free porphyrin (DMSO is used for the free guest, which is insoluble in CHCl3), 

proofing the encapsulation of the methyl groups in the aromatic cavities. Mainly 

protons of the aromatic walls of the cavitand, pointing towards the lower rim, and 

methylenic protons of the phenethyl chains, substituents of the lower rim, are highly 

differentiated upon complexation (change of the chemical shift, ∆δ, of 1.66 for the 

former and of 0.15 and 0.87 for the latter). These important shifts are due to the 

encapsulation of the guest and to the peculiar localization of the counteranion.  
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Indeed, to sustain this result, the 1H NMR spectra of complexes of the cavitand with 

various ammonium salts were recorded. The encapsulation is effective independently 

of the counteranion as shown by the high-field shifted resonances of protons of the 

guests and of aromatic protons on the upper rim of the cavitand. However, for aromatic 

protons of the lower rim of the cavitand and methylenic protons of the phenethyl 

chains, chemical shifts depend on the guest and more dramatically on the nature of the 

counteranion. Changes in the 1H NMR spectra were observed and showed 

unambiguously a behavior for chloride and iodide salts dramatically different from that 

observed with other salts. In particular, changes of the chemical shift of aromatic 

protons on the lower rim of the resorcarene were followed for a series of different 

guests and different counterions. While changing the ammonium guest similar results 

were obtained, chemical shifts change noticeably due to anion variations: mean ∆δ for 

chloride salts = 1.8, mean ∆δ for iodide salts = 1.6, mean ∆δ for picrate salts = 0.7. 

Similarly, β-CH2 protons of the phenethyl chains experience larger low-field shifts 

(0.61-0.87 ppm) with halide salts than with other salts (0.16-0.35 ppm). The α-CH2 

protons undergo minor effects when compared to β-CH2. This is attributed to the 

localization of the halide anion in the pseudocavity formed by the four phenethyl 

groups at the narrow rim of the cavitand. This peculiar arrangement is one of the 

factors responsible for the stability of the 4:1:4 resorcarene4/porphyrin4+/4I- complex in 

chloroform solution.  

 

4.3.2 Solid state structure 

In the solid-state structure of the resorcarene-porphyrin-iodide complex, the 

positively charged porphyrin is surrounded by four cavitands, each complexing a N-

methylpyridinium group deep in the molecular cavity. This cationic assembly closely 

resembles the basic anionic unit of a porphyrin and four calixarenes, from which the 

supramolecular complexes obtained previously (see 4.1 and [1, 3]) are formally 

obtained by addition of further porphyrins above and below the plane of that hosted by 

calixarenes. The supramolecule is roughly a 2 nm х 2.2 nm rectangular box with a 3 

nm large diagonal (estimated from the I-···I- distances), each corner being occupied by 

a cavitand nesting a CH3N
+ group (Figure 4.27). The thickness of the box was 

estimated to be >2 nm by measuring the distances between the more distal carbon 

atoms above and below the porphyrin plane. The supramolecules are closely packed 

without forming channels or voids. 
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Figure 4.27: X-ray molecular structure of the resorcarene/porphyrin/iodide complex. Solvent 

molecules are omitted for clarity. 

 

4.3.2.1 Host-guest interactions on the upper rim 

In each cavitand, a CH3N
+ group of the porphyrin is stabilized by strong dipolar 

interactions with the four PO groups and two PO···H-C H-bonds with the o-CH of the 

pyridyl ring. Typical PO···N+ and PO···Cpyr distances are given in Figure 4.28. The 

PO···N+ distances are not all equal because of the dissymmetry of the cavitands, which 

are elongated along one PO···OP diagonal with respect to the other. 

 

Figure 4.28: Top (a) and side (b) views of the typical coordination of the pyridinium group to the 

four PO groups of cavitand with PO···N+
 and PO···C distances (Å). 

 

In the four CH3N
+-cavitand assemblies of the complex, the nitrogen atom is 

coplanar with the four phosphonic oxygen atoms, while the distance of the N-methyl 

carbons to this plane range from 1.31 Å to 1.51 Å (Figure 4.29). The deep 

encapsulation of the methyl groups inside the cavity is further stabilized by CH···π 



Porphyrin systems 

 

169

interactions. Methyl groups are located at an average distance of 3.75 Å from the 

centroid of the phenyl groups of the resorcarene cavity. 

 

Figure 4.29: Stereoview of the localization of CH3N
+
 and I

-
 relatively to the molecular cavity of 

the cavitands showing the main noncovalent  interactions with carbon and oxygen atoms. For 

clarity, only the α-CH2 groups of the phenethyl substituents are represented. 
 

 

4.3.2.2 Host-guest interactions on the lower rim 

There are two kinds of interaction at the lower rim of the cavities. Both imply iodide 

anions, which are located in between the phenethyl chains of the hosts. In a first 

arrangement (case 1), present in two crystallographically independent resorcarene 

molecules, interacting with the central porphyrin molecule on opposite sides, the 

narrow rim of a cavitand faces another porphyrin guest (Figure 4.30a). The 

αCH2
βCH2Ph chains adopt a gauche conformation, which directs the CH2Ph groups 

outward. The shortest distances between I- and the cavity are observed with the R-CH2 

groups with an average I-···C distance of 3.98 Å. This puts the iodide anion at the 

centre of the pseudocavity defined by the lower rim substituents, and 1.75 Å from the 

mean plane defined by the four R-CH2 carbons (Figure 4.29). A complex pattern of 

chloroform molecules are also H-bonded to the anion and the porphyrin moiety (Figure 

4.30a). 

In the second arrangement (case 2), present in the other two crystallographically 

independent resorcarene molecules, the narrow rim of the cavitand is close to the 

phenethyl chain of a host of a neighboring supramolecule. In this case, the 

αCH2
βCH2Ph chains adopt gauche or trans conformations, which introduce more 

interactions between iodide and the two involved cavitands. The halide anion is still 

located in the pseudocavity defined by the substituents at the narrow rim, with weak 

interactions with αCH2 (average I···C distances of 4.06 Å) and with nearest aromatic 

carbons (average I···C distances of 4.12 Å). Chloroform molecules also participate in 

the environment of the anion (Figure 4.30b). 
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(a) (b) 

 

Figure 4.30: (a) Case 1: Cavitand-iodide-porphyrin arrangement in the crystal and interactions 

with chloroform molecules. Example of the I(2) anion with I···C distances (Å). (b) Case 2: 

Cavitand-iodide-cavitand arrangement in the crystal and interactions with chloroform molecules. 

Example of the I(4) anion with I···C distances (Å). 

 

The localization of the halide anion is important and can contribute to the stability of 

the complex. Several articles reported on the anion effects and take into account ion-

pairing and allosteric effects [18]. In general, considering what has been observed 

between ammonium guests and calixarene hosts, picrate salts are better than halide in 

calix[5]arene complexes [19], and ammonium iodide better than ammonium tosylate in 

calix[4]arenas [20]. However, the balance between the ion-pair separation energy and 

the stabilizing forces for the ammonium ion recognition should be considered [21, 22]. 

It, therefore, appears that the problem is more subtle and not so obvious, and anion 

effects are particularly dependent on the receptor and its propensity to favour, or not, 

ion separation [23].  

In ammonium-resorcarene complexes, Rissanen and co-workers showed that 

chloride or bromide anions can be localized in between the alkyl chains at the lower 

rim of the cavitand [24-26]. In the present case, solution NMR and solid-state studies 

revealed that iodide anions are located close to the narrow rim of the cavitands, a 

situation encountered in ammonium-cavitand complexes but seldom demonstrated in 

solution. This behaviour corresponds to the tentative re-formation of the ion-pair 

between charged species, and it is a consequence of the strong affinity of the 

tetraphosphorylated cavitand 4 for ammonium guests. In the complex, the best 

arrangement is the one observed in solution and in the solid state, where I- is 

embedded between the four chains of the narrow rim at an average distance of 7.5 Å 

from the N+ counterion atom.  

A somewhat different arrangement was observed in the solid-state structure of the 

[4,4’-bipy(NCH3)2
2+][2PF6

-]·42 complex, where the two cavitands 4 are capping the 

CH3N
+ groups, and the PF6

- anions are located at interstitial positions in the lattice [17], 
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in agreement with the present result. The localization of the counteranion close to the 

cavity side was also proposed by Böhmer et al. for the complexation of quaternary 

ammonium guests by calix[5]arene hosts [19], referring to the cation-π interactions 

developed by Dougherty et al. [27]. 

In conclusion, the strong affinity of host 4 for cationic species led to the formation of 

the 4:1:4 44/2
4+/4I- supramolecular complex. The molecular structure was solved in the 

solid state by X-ray analysis, and 1H NMR studies showed that the structure is 

maintained in solution. The porphyrin template is surrounded by four cavitands 

embedding the CH3N
+ groups, and the iodide anions are localized at the narrow rim of 

the cavitands in line with observations of various ammonium complexes of host 4. The 

effort to recreate the ion-pair seems to be an important driving force in the structural 

organization of the halide salt complexes, whereas other salt guests behave differently, 

with consequences on the 1H NMR chemical shifts. The construction of such giant 

supramolecular assemblies features the design of supramolecular arrays with potential 

applications in supramolecular oligomer based devices. 
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5. A Totally Inorganic Oxygen-Evolving Catalyst 
 

The synthesis of tailored multimetal catalysts is becoming increasingly important for 

high efficiency and multifunctionality in various applications. In particular, 

polyoxometalates (POMs) provide unique models for the investigation of structure–

activity relationships at the borderline between molecules and extended solids [1]. In 

this respect, a research frontier is POM encapsulation of transition metal clusters, 

whereby redox-active substituents give rise to heterometal-oxo phases, interconnected 

with the polyoxometalate framework. Stabilization of adjacent d electron centres 

through multiple-µ-hydroxo/oxo bridging units is one of the most powerful strategies 

adopted by natural enzymes to effect multiple/cascade transformations [2-4]. In the 

quest for functional, bioinspired catalysts, ruthenium analogues occupy a prominent 

role, due to the unmatched range of accessible oxidation states of the metal coupled 

with some unique mechanistic and selective performance [5-9]. Moreover, the electron-

withdrawing nature of the POM ligand is predicted to stabilize high-valent intermediates 

and assist deprotonation equilibria on the polyoxygenated surface [10-12]. Despite 

their appeal, the synthesis of ruthenium substituted POMs poses a major challenge, 

because of the inertness of ligand exchange and purification issues. 

POM metalation is fostered by the in situ generation of the tetranuclear 

ruthenium(IV) aqua-ion, [Ru4O6(H2O)n]
4+, whose existence and adamantane-like 

solution structure have been proposed on the basis of EXAFS studies [13, 14]. The 

unprecedented entrapment of the Ru4O6 fragment occurs readily by the 

complementary assembly of two [γ-SiW10O36]
8- (γ-SiW10) units under mild temperature 

conditions. Both the templated vicinal substitution and the lability of the aqua ligands at 

the ruthenium core are instrumental for the straightforward formation of 5.  

 

5.1 X-ray diffraction analysis and Bond Valence Sum (BVS) 

calculation 

The X-ray diffraction analysis shows a skewed dimeric structure for 5, where two γ-

SiW10 units are connected in a 90° staggered arrangement, by an electrophilic [Ru4(µ-

O)4(µ-OH)2(H2O)4]
6+ central core. The polyanion has an overall D2d symmetry (Figure 

5.1). The tetraruthenate core displays the expected adamatane-like arrangement, with 

four ruthenium and six oxygen atoms at the apexes of a tetrahedron and of an 

octahedron, respectively.  
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Figure 5.1: Thermal ellipsoid plot of the crystallographic structure of 

Cs10[{Ru2O2(OH)(H2O)2}2(γ-SiW10O36)2]·10H2O. The probability level is set to 50%. Caesium 

ions and water molecules have been omitted. Oxygen atoms are represented by red ellipsoids, 

ruthenium atoms as green ellipsoids, silicon atoms as blue ellipsoids and tungsten atoms as 

grey ellipsoids. 
 

 

Because of the low diffraction power of hydrogen atoms, the correct determination 

of their position is usually very hard through X-ray diffraction techniques. In order to 

distinguish between µ-oxo and µ-hydroxo moieties present in the central core of this 

structure, Bond Valence Sum (BVS) [15, 16] calculations were performed. This 

approach starts from the consideration that, to a general approximation, the bond 

length is a unique function of bond valence. Thus, it provides a good tool for the 

prediction of bond lengths in crystals. The valence of an atom i is regarded as the sum 

of the valences vij of each bond involving i and j: 

∑=
j iji vV   (5.1). 

An empirical expression can be applied to evaluate the valence of each bond, vij, 

depending on the distance dij between i and j, a bond valence parameter, Rij, 

correlated to the atomic nature of the atoms involved in the bond, and a fixed constant, 

b, having a value of 0.37 Å: 








 −

=

b

dR
v

ijij

ij

)(
exp   (5.2). 

Using values of Rij obtained from literature [15, 17], the valences of oxygen atoms 

bound to ruthenium (Figure 5.2) were calculated from mean distances between atoms. 

For oxygen atoms O1, the mean distance from the tungsten atoms (1.80(2) Å) gives a 

bond valence vO,W of 1.39(4), while the bond valence vO,Ru with the ruthenium atom is 

0.53(4) (mean distance dRu-O1: 2.07(2) Å). The BSV for the oxygen atoms O1 bridging 

between ruthenium and tungsten is 1.92(4), therefore, no bonds with hydrogen atoms 
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are expected. A µ-oxo bond type was attributed to oxygens O1. For oxygen O2, the 

bond valence vO,Ru has a value of 0.93(4) (mean distance dRu-O2: 1.86(2) Å) and, 

therefore, the valence of the atoms VO2 is 1.86(4), indicating a µ-type bond with the 

ruthenium atoms. The longer distances Ru-O involving O3 atoms (2.00(2) Å) suggest a 

different bond type and BVS calculation confirms this hypothesis, giving a value of vO,Ru 

= 0.64(4) for the Ru-O bonds and a value of VO3 = 1.27(4). Probably, a hydrogen atom 

completes the bond sphere of these oxygen atoms, that show a µ-hydroxo bond type. 

Finally, the ruthenium-oxygen mean distance for atoms O4, dRu-O4 = 2.09(2) Å), allows 

to obtain a value of 0.50(4) for the valence VO4, confirming that the peak of electron 

density found in this position has to be ascribed to a water molecule. Moreover, the 

valence of the ruthenium atoms was calculated to be 4.08(12), confirming the predicted 

valence for the metal atom.  
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Figure 5.2: Oxygen atoms (red ellipsoids) bound to the ruthenium centres (green ellipsoids). 

The tungsten atoms are represented in grey. O
1
-type and O

2
-type atoms were calculated to be 

µ-oxo bridges, while O
3
-type atoms µ-hydroxo bridges and O

4
-type atoms water molecules.  

 

Thus, in the overall structure there are two symmetry related hydroxo bridges, that 

are bent and connect the two adjacent Ru(IV) centres linked to the POM binding site 

(Ru-O-Ru bond angle of 131.2(9)°). Moreover, each of them gives rise to a strong 

three-centre H-bond with two proximal Si-O-W bridges (average O-O distance: 2.89(3) 
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Å) (Figure 5.3). Significantly, the γ-SiW10Ru2 unit adopts an “out-of-pocket” structural 

motif, whereby the two adjacent d-electron metals are corner sharing and ligated only 

by the four oxygen sites of the POM lacuna, with no direct bonding interaction from the 

internal O-Si tetrahedron. This coordination mode is an emerging feature documented 

only for Fe(III) and Cr(III) POMs [18, 19]. 

 

 

Figure 5.3: Detail of the structure showing the three-centre hydrogen bond between the 

bridging µ-hydroxo group and two proximal Si-O-W bridges belonging to the POM. 
 

5.2 Solution studies and catalysis  

Further spectroscopic analyses were carried out by the research group of Professor 

Bonchio of the University of Padova. The maintenance of the POM structure in 

aqueous solution is confirmed by converging evidence, provided by electronspray 

ionisation mass spectra (ESI-MS), resonance Raman (rR), and UV–VIS spectroscopy. 

The ESI-MS spectrum of the water soluble Li105 complex shows envelopes at m/z = 

1798 and m/z = 1348 which can be assigned respectively to ions [H9Ru4Si2W20O78]
3- 

and [H8Ru4Si2W20O78]
4-, containing the tetraruthenate core after loss of the four labile 

water ligands. Direct evidence of retention of the multiple µ-oxoruthenium connectivity 

is provided by superimposable rR experiments performed for 5, on a solid sample and 

in water (pH = 2). Both rR spectra exhibit a prominent feature at 483 cm-1, which falls in 

the range expected for a υsym(Ru-O-Ru) vibrational mode [5]. Crystals of Cs105 are 

EPR silent, indicating a diamagnetic behaviour. 

The UV–VIS spectrum collected in water (pH = 0.6–2.0) shows a sharp absorption 

band at λ = 443 nm (log ε443= 4.57). Acid–base, spectrophotometric titration of Li105 at 

λ = 443 nm, and fitting of the ε
443 variation, indicates a reversible monoprotonation 

equilibrium with a pKa of 3.62. Structurally related Ru(H2O) functions exhibit pKa in the 

range 1.8–3.3 [20]. Furthermore, the acid–base equilibrium is not concentration-

dependent, thus ruling out POM dissociation or aggregation phenomena. Moreover, 

the FT-IR spectra are unchanged upon titration of 5, confirming the maintenance of the 

POM framework. 
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Multiple-redox states associable to the Ru(IV)4 core and reversible protonation 

equilibria are critical components for efficient oxygen evolving catalysis, whereby 

deprotonation of ligated water molecules triggers the formation of OH-/O2- reactive 

sites. Thus, the catalytic activity of Li105 toward water oxidation has been evaluated by 

reacting it with an excess of Ce(IV), in water (pH = 0.6) at 20 °C. Gas-chromatographic 

sampling of the reactor headspace, with continuous monitoring of the pressure 

variation, confirms evolution of molecular oxygen in the system, generating O2 with an 

overall 90% yield on the added oxidant in 2 hours. A recharge of Ce(IV) induces an 

equivalent evolution of oxygen. The water-oxidation rate exhibited by Li101 is 

remarkable (maximum TOF>450 h-1, Figure 5.4). A linear dependence of the initial rate 

on concentration of Li101 is observed, with a pseudo-first-order kinetic constant of 

9.92·10-3 s-1, (up to 500 turnovers based on the evolved oxygen, inset in Figure 5.4). 

IR, rR spectra confirm the integrity of the POM structure after treatment with Ce(IV) 

excess. This high efficiency is indicative of a very robust catalyst, compared to other 

previously reported ruthenium systems, bearing classical organic ligands [5, 21].  

 

 

Figure 5.4: Kinetics of O2 evolution by Li101 (4.3 µmol) with Ce(IV) (1720 µmol), in H2O (10 mL) 

at 20 °C. The inset shows a plot of initial rates versus Li101 (0.045–1.45 µmol), with Ce(IV) (10.9 

mmol). 
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6. A resorcinarenic receptor for alcohols based on host-guest 

complexation 

6.1 The resorcinarenic cavitand Tiiii[H,CH3,CH3]  

6.1.1 Host-guest complexation properties of Tiiii[H,CH3,CH3] 

Resorcarene molecules having phosphonate groups on the upper rim have 

attracted a particular interest in the quest for molecular receptors based on non 

covalent interactions, due to the basic properties of the oxygen atoms, together with 

the presence of a cavity, suitable for the complexation of small hydrophobic moieties. 

Tetra-phosphonate cavitands are able to host both cationic and neutral guests [1-3]. In 

particular, regarding the latter class of guests, the best results have been obtained 

using short-chain alcohols. Alcohol complexation properties of phosphonate cavitands 

have been studied by mass spectrometry [4-6], theoretical calculations [4] and X-ray 

diffraction analysis [7, 8]. Moreover, a Quartz Crystal Microbalance has been used to 

evaluate the complexation properties at the solid-gas interface [1, 9, 10]. 

The alcohol complexation is driven by the synergic effect of hydrogen bonds with 

phosphonato groups and C-H···π interactions with the aromatic cavity of the 

resorcarene molecules [4, 7, 10]. The results of mass spectrometry studies show that 

the cavity plays a major role in the complexation process, since isomers having P=O 

groups pointing outwards with respect to the cavity do not display the same affinity of 

the analogues i isomers, i.e. cavitands having P=O groups pointing inwards [4, 9, 10]. 

The number of the phosphonato group pointing inward is another parameter that 

determines both the thermodynamic and the kinetic stability of the host-guest complex 

[4, 10]. As a general trend, the increasing of the number of P=O groups leads to an 

increasing of the formation and the stability of the complex, although differences exist 

between di-phosphonato cavitands with adjacent functional groups with respect to 

analogues cavitands with alternate groups [4, 8, 10]. Finally, methyl substituents on the 

apical positions of the aromatic rings forming the cavity have a significative reducing 

effect on the complex formation, but at the same time they increase the stability 

towards the dissociation of the host-guest complex. Probably, the effect of these 

methyl groups is kinetic, hindering both the complex formation and its dissociation [4].  

As regards the specificity of these receptors for alcoholic guests, the mass 

spectrometry results show that the increase of the alkyl chain leads to an increase of 

the complex formation. Collision Induced Dissociation studies have underlined that this 

effect is mainly due to the higher number of C-H···π interactions that the alkyl chain can 

form with the aromatic walls of the cavitand and to solvation effects, rather than to 
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increasing of the H-bonding affinity of the alcohol with the increase of the chain length 

[4]. However, it is not completely clear whether this enhancing of the affinity of the 

cavitand towards longer chain alcohols, such as n-butanol and n-pentanol, is due to 

specific interactions, i.e. to the insertion of the alkyl chain in the cavity, or non specific 

interactions, i.e. to physisorption contributes [10]. 

 

6.1.2 Complexation with alcoholic guests 

6.1.2.1 Crystal structures obtained in presence of a single alcoholic guest 

Crystallization trials of this cavitand were performed using trifluoroethanol (TFE) as 

solvent. The addition of a short chain alcohol, through vapour diffusion in the mother 

solution, allows the easy and fast growth of monoclinic crystals of Tiiii[H,CH3,CH3]. The 

same procedure was applied with different alcoholic precipitants and the crystals 

obtained displayed the same unit cell dimensions and symmetry in all cases. The 

structures of six alcohol-cavitand complexes (methanol, ethanol, 1-propanol, 2-

propanol, 1butanol, 2-butanol racemic mixture) were characterized and showed their 

isomorphism. Actually, in the asymmetric unit of all this crystals, a cavitand molecule 

and two solvent molecules, behaving not as guest molecules towards the cavitand, but 

as solvent were found (Figure 6.1). A residual electron density on the cavity of the 

resorcinarene was present in all the structures and was interpreted as a molecule of 

the alcohol used as a precipitant.  

 

Figure 6.1: Unit cell of the crystal structure of the resorcarene Tiiii[H,CH3,CH3], crystallized from 

a TFE solution, through the addition of an alcoholic guest. In the present structure the guest 

molecules were omitted to underline the isomorphic part obtained in the structures of crystals 

grown with different precipitants. 

 

The isomorphism of the six structures underlines that the cavitand and the solvent 

are mainly responsible for the crystals packing, while the guest molecule, hammered in 
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the aromatic cavity, does not affect the packing significantly. However, a different 

behaviour was observed during crystallization and a faster growth has been observed 

for the shorter alcohols, whose crystals reached their full size in less than a day, with 

respect to the longer alcohols, whose crystallization takes 2-5 days.  

The structure obtained in presence of methanol is slightly different from the other, 

since the alcoholic guest is disordered in two positions at partial occupancy in the 

centre of the cavity. The occupancy factors of the two molecules were refined, using 

the constrain that the sum between them was equal to 1. The binding of the methanol 

molecule at higher occupancy (85%) was found to be stabilized by a water molecule, 

localized outside with respect to the cavity (Figure 6.2). The presence of a water 

molecule was attributed to an impurity of the crystallization solution, in the cavitand 

sample or in the precipitant (methanol).  

 

(a) (b) 

85% 15% 

 

Figure 6.2: Position of the two methanol molecules found in the cavity of the resorcinarene in 

the crystal structure grown in presence of methanol. (a) In the methanol position at higher 

occupancy (85%), a water molecule interacts with the cavitand, with the methanol molecule and 

with a molecule of solvent (TFE), stabilizing the host-guest interaction. (b) In the lower 
occupancy position, the cavitand appears to be less inserted in the cavity. 

 

Both the positions found for the methanol molecule form a hydrogen bonding 

interaction with a P=O group (distances between the oxygen atom of the hydroxyl 

group of the guest and a oxygen atom of the cavitand pointing inwards: 2.706(4) Å for 

the oxygen atom at 85% occupancy, 2.62(3) Å for the oxygen atom at 15% 

occupancy). The water molecule forms two hydrogen bonds with the alcoholic guest 

(distance between the oxygen atoms: 2.673(5) Å for the 85% occupancy position) and 

with the P=O group opposite to that forming the H-bond with the methanol (distance 

between the oxygen atoms: 2.836(4) Å) (Figure 6.2). Moreover, an H-bond interaction 

with a cocrystallized solvent molecule stabilizes the host-guest interaction. In the 85% 

occupancy position, a TFE molecule with the same occupancy form a hydrogen bond 
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with the water molecule (distance between the oxygen atoms: 2.700(6) Å), while the 

methanol molecule at 15% occupancy interacts with a TFE molecule with the same 

occupancy through another hydrogen bond (distance between the oxygen atoms: 

2.70(3) Å) (Figure 6.2). Further crystallization trials were carried out using pure 

methanol and a cavitand sample that was heated in oven at 120°C. The solved 

structures revealed a lower occupancy for the methanol position stabilized by a water 

molecule. However, due to the low quality of the crystals the resolution obtained was 

lower with respect to the previous structure. 

In the structures containing 1-propanol and 2-butanol, the alcoholic guest was 

found displaced in two different positions too. In particular, in the former case the 

displacement concerns only the second carbon atom, while in the latter the oxygen 

atom is present in two positions at partial occupancy, forming bonds with the carbon 

atom at about 100° each other. Only one of the two positions of the oxygen atom of 2-

butanol (occupancy factor: 60%) forms a H-bonding interaction with a TFE molecule.  

In all structures, two kind of interactions between host and guest were identified, a 

hydrogen bond, between the hydroxyl group of the guest and a phosphonato groups of 

the host, and a C-H···π interaction (weak hydrogen bond), between the methyl group 

(or one of the methyl groups, for non-linear alcohols) of the guest and the aromatic 

walls of the cavity (Figure 6.3). To characterize the H-bonding interaction the distance 

between the two oxygen atoms was measured (Table 6.1, first row), while the 

interaction of the methyl group with the aromatic cavity was characterized considering 

the minimum distance between the methyl carbon atom and the mean planes of the 

aromatic rings forming the cavity (Table 6.1, second row). A slight increase of the H-

bonding distance was noticed as the number of carbon atoms hosted in the cavity, i.e. 

the atoms between the hydroxyl group and the methyl group, increases, while the C-

H···π interaction does not show a clear dependence on the number of atoms of the 

alcohol chain. 
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(h) 

(k) 

(e) 

(j) 

(g) 

(b) (a) 

(d) 

(c) 

(f) 

(i) 

(l) 

Figure 6.3: Host-guest interactions in the structures of the cavitand-alcohol complexes with six 

different guests: methanol (a, d), ethanol (b, e), 2-propanol (c, f), 1-propanol (g, j), 2-butanol (h, 

k) and 1-butanol (i, l). Both a parallel view with respect to the mean plane of the phosphor 

atoms (a, b, c, g, h and i) and a perpendicular view (d, e, f, j, k and l) are represented, to 

underline the difference in the interaction of the guests with the host. 

 

As regards the insertion of the alkyl chain in the cavity, it was evaluated using the 

distance of the oxygen atom of the hydroxyl group of the guest from the mean plane 

formed by the oxygen atoms of the P=O groups of the cavitand pointing inward the 

cavity (Table 6.1, third row). In this case, the increasing of the number of atoms hosted 

in the cavity causes an increase of this distance, since the steric hindrance of the alkyl 

chain causes the hydroxyl group to stick out from the cavity. Actually, the value 

obtained in the structure containing ethanol is similar to that of the 2-propanol 
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structure, while the value obtained using 1-propanol as guest resembles those 

measured in the structure containing 2-buthanol, since the number of atoms between 

the hydroxyl group and the methyl group is the same. 

For all the structures, a stabilizing interaction between the guest molecule and a 

solvent molecule was detected. In the case of methanol containing structure, such 

interaction is mediated by a water molecule. To characterize these hydrogen bonds, 

distances between the oxygen atom of the guest alcohol and the oxygen atom of the 

TFE molecule were measured and reported in the fourth row of Table 6.1. 

 
Table 6.1: Geometric parameters measured in the structures of Tiiii[H,CH3,CH3] with single 

alcoholic guests. 

 Methanol Ethanol 
1-

Propanol 
2-

Propanol 
1-Butanol 2-Butanol 

O(hydroxyl)-
O(phosphonato) 

distance (Å) 

2.706(4) 

(85%) 

2.62(3) 

(15%) 

2.768(9) 2.745(3) 2.818(9) 2.82(1) 

2.74(1) 

(60%)  

2.80(1) 

(40%) 

C(methyl)-mean plane 
of the aromatic ring 

(minimum distance, Å) 

3.718(7) 

(85%) 
3.84(5) 

(15%) 

3.74(2) 3.492(5) 3.68(2) 3.56(2) 3.42(2) 

O(hydroxyl)-mean 
plane of the oxygen 

atoms pointing inward 
(distance, Å) 

0.042(4) 

(85%) 

0.58(2) 

(15%) 

1.154(6) 1.418(3) 0.926(5) 1.93(1) 

1.37(1) 

(60%) 

1.29(4) 

(40%) 

O(hydroxyl)-O(TFE) 
distance (Å) 

- (85%) 

2.70(3) 
(15%) 

2.713(7) 2.653(4) 2.643(6) 2.63(1) 

2.63(1) 

(60%) 
- (40%) 

 

 

6.1.2.2 Crystal structures obtained in presence of pentanol 

When crystallization is performed in the same condition of the previous trials, but 

using as precipitant 1-pentanol, a different crystal packing is observed. A triclinic, 

centrosymmetric cell was obtained from diffraction data for this crystals, with a cavitand 

molecule and 4 trifluoroethanol molecules in the asymmetric unit, interacting externally 

with respect to the cavity (Figure 6.4). The analysis of the electron density revealed the 

presence of another trifluoroethanol molecule in the resorcarenic cavity, instead of the 

expected linear alcohol, 1-pentanol (Figure 6.5a). The hydroxyl group of this molecule 

forms a hydrogen bonding interaction with a P=O group, at a oxygen-oxygen distance 

of 2.736(3) Å. Moreover, the guest is stabilized through other two weak hydrogen 

bonding interactions formed with the CH2 groups of two solvent molecules located 

outside the cavity (Figure 6.5b), at interaction distances of 3.311(4) Å and 3.556(4) Å, 

respectively. 
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Figure 6.4: Crystal packing of the structure of Tiiii[H,CH3,CH3] grown in presence of TFE and 1-

pentanol and containing TFE as guest in the host cavity. The comparison with Figure 4.2 
reveals that the differences between the two crystal forms, P 21/c and P –1, are related with a 

slight distortion of the packing that causes the loss of a symmetry element (the 21 axis). 

 
 

(a) (b) 

 
Figure 6.5: (a) Electron density map (contour level: 1σ) of the host-guest interaction between 

Tiiii[H,CH3,CH3] and a TFE molecule. (b) H-bonding interactions of the guest molecule with the 

cavitand and two external TFE molecules, stabilizing the host-guest complex. 
 

Two weak, dipolar, C-F···π interactions were observed between the CF3 group of 

the guest TFE molecule and the aromatic rings of the cavitand, at distances of 2.806(3) 

Å and 3.015 (2) Å, respectively, between the fluoride atoms and the mean planes of 

two aromatic rings.  

Other H-bonding interactions involve the hydroxyl groups of three external solvent 

molecules and the other three P=O groups of the cavitand, at oxygen-oxygen 

distances of 2.610 (4) Å, 2.673(3) Å and 2.712(3) Å, respectively. The fourth external 

TFE molecule forms a hydrogen bond with another TFE molecule (oxygen-oxygen 

distance: 2.702(4) Å).  
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The absence of a host-guest interaction with 1-pentanol suggests that the long alkyl 

chain of this alcohol hampers the formation of stabilizing interactions with the cavity, 

probably due to the steric hindrance of this linear alcohol. On the contrary, the 

presence of a host-guest interaction with trifloroethanol suggests that the absence of 

such an interaction in the previous structures cannot be ascribed at the steric 

hindrance of the CF3 group, but rather to a lower affinity of this alcohol for the cavitand 

site with respect to methanol, ethanol, 1-propanol, 2-propanol, 1-butanol and 2-

butanol.  

 

6.2 Probing cavitand selectivity for alcohols via competition studies 

by X-ray diffraction 

Considering the isomorphism of the crystals containing single alcoholic guests, the 

affinity of the cavitand for alcohols with different alkyl chains can be easily evaluated in 

the solid state. For a systematic study of the competition between different alcoholic 

guests for the cavitand site, a micro-batch procedure have been implemented to 

crystallize the phosphorus cavitands with binary mixtures of alcohols. The relative 

affinity can be evaluated by means of the occupancy factor of each alcoholic guest, 

considering that the packing effects influence in the same way all the structures and, 

thus, have not to be considered as a determining factor in the crystallization of host-

guest complexes. The following analysis starts from the hypothesis that the statistical 

occupation of the cavitand site is only dependent on the affinity of the cavitand for the 

alcoholic guest and on the concentration, considered as molar fraction, of the two 

possible guests introduced in the crystallization solution.  

 

6.2.1 Crystal structures obtained in presence of binary mixtures of 

alcohols 

Structures of cavitands containing binary mixtures of alcohols were refined starting 

from the model of the cavitand previously obtained from the structures with only one 

alcoholic guest. The electron density maps after the first refinement cycles showed a 

residual density in the centre of the resorcarene cavity. In Figure 6.6, as an example, 

the electron density maps at different refinement stages for the structure containing 

ethanol and 1-propanol (obtained in a crystallization trial with a 2:8 ratio of two 

alcohols) were reported. In particular, Figure 6.6a shows the residual electron density 

in the centre of the cavity after the first refinement cycle. The R factor obtained only 

with the cavitand had a value of 12.01%. A first alcoholic ethanol guest was fitted in the 

electron density (Figure 6.6b) and, after further refinement cycles, the R factor was 
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reduced to 8.40%. However, the density calculated for this guest did not fit completely 

the observed residue and the Fourier difference map showed four further peaks that 

were afterwards attributed to a 1-propanol molecule (Figure 6.6c). The final electron 

density map obtained after introduction of both alcoholic guest is represented in Figure 

6.6d. The occupancy factors of the alcoholic guests were treated as complementary 

parameters during the following refinement. Further cycles resulted in a decrease of 

the R factor to 7.03%, with an occupancy of 0.66 for the ethanol molecule and of 0.34 

for the 1-propanol molecule. 

 

 

(a) (b) 

(c) (d) 

Figure 6.6: Detail of electron density maps (in white, contour level: 1σ) and residual electron 

density maps (in red, contour level: 4σ) in the cavitand site, for a crystal structure of the 
cavitand Tiiii[H,CH3,CH3] and the couple of guests ethanol and 1-propanol. (a) Maps obtained 

after refinement without alcoholic guests. (b) An ethanol molecule was fitted in the electron 

density, but a residue was still observed. (c) A 1-propanol molecule was fitted in the further 
residual electron density. (d) In the final structure the overlap between the electron densities of 

the two alcoholic guests was noticed. 

 
However, the overlap of the electron density of the two alcoholic guests is 

noticeable form the previous maps. Different refinement protocols were applied, 

refining either the position of the alcohols or their occupancy factors. In all cases, the 

thermal parameters of the atoms when refined together with the occupancy factor, lead 

to an increase or a decrease of the parameters without physical meaning. This strange 

behaviour of thermal parameters during refinement indicates a strong correlation 

between them and the occupancy factor. Unfortunately, the software SHELX-97 [11] 

used for the refinement does not allow to fix the thermal parameters to a reliable value 

while refining the occupancy factors.  

Therefore, a new method for the treatment of these data was set up, implying the 

direct analysis of the diffraction intensities. This new original method developed during 
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this thesis does not require the solution of the structures and the following refinement 

steps. 

 

6.2.1.1 New method for the evaluation of occupancy factors from direct analysis 

of diffraction intensities 

For a generic reflection hkl, the structure factor can be factorized in: 

guest

hkl

TFEcav

hklhkl FFF +=
,

 (6.1) 

with 
TFEcav

hklF
,

 expressing the component of the structure factor related to the cavitand 

and the solvent atoms  and 
guest

hklF  representing the component related to the guest 

atoms. 

Thus, the structure factors 
)( A

hklF , for a crystal containing only an alcoholic guest A, 

and 
)(B

hklF , for a crystal containing only an alcoholic guest B, can be written as: 

A

hkl

TFEcav

hkl

A

hkl FFF +=
,)(

  (6.2)  

and 

B

hkl

TFEcav

hkl

B

hkl FFF +=
,)(

  (6.3) 

respectively. 

Considering a crystal in which two alcohols, A and B, compete for the cavitand site, the 

same structure factor can be expressed as: 

B

hkl

A

hkl

TFEcav

hkl

BA

hkl yFxFFF ++=
,),(

  (6.4) 

with x  equal to the occupancy factor of the alcohol A in the cavitand site, whereas y  

is the occupancy factor of the guest B. Actually, for the structures discussed above, the 

fraction of empty cavitand can be neglected due to the high affinity of the cavitand for 

the alcoholic guests, thus, the statistical presence of the alcohol B in the cavitand site 

can be expressed as )1( xy −= : 

B

hkl

A

hkl

TFEcav

hkl

BA

hkl FxxFFF )1(,),(
−++=   (6.5) 

From the expressions (6.2), (6.3) and (6.5), the value of x  can be calculated:  

)()(

)(),(

B

hkl

A

hkl

B

hkl

BA

hkl

FF

FF
x

−

−
=   (6.6).  

If the anomalous dispersion component is small, as in the present case, it can be 

neglected and, in a centrosymmetric structure, the structure factor hklF  is real. The 

modulus of hklF  is proportional to the square root of the diffraction intensities, while its 

sign depends on the phase, which can be either 0 or π.  
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Since the number of electrons of the cavitand and of the TFE molecules is by far 

greater than the number of electrons of the guest molecule, the sign of the structure 

factor is mainly due to the constant part of the isomorphic structures. Thanks to this 

isomorphism, in the latter expression, the structure factors can be approximate with the 

square root of the experimental diffraction intensities, measures for crystals containing 

only A (
)( A

hklI ), only B (
)(B

hklI ) and both two guests (
),( BA

hklI ):  

)()(

)()(

B

hkl

A

hkl

B

hkl

BA

hkl

II

II
x

−

−

≈

+

  (6.7). 

The last expression allows the determination of the occupancy factor of the guest A 

in the cavitand site, in a structure obtained from a mixture of alcoholic guests, A and B, 

from the diffraction intensities of the crystal containing only A, of the crystal containing 

only B and from the crystal grown in presence of the binary mixture.  

 

6.2.1.2 Statistical evaluation of occupancy factors 

For a structure grown in presence of guests A and B, the occupancy factor was 

evaluated using the espression (6.7) for each group of three hkl reflections, from 

crystals containing only alcohol A, only alcohol B and the mixture of the two, 

respectively. To determine the occupancy factors from a statistical analysis of the 

diffraction intensities, a software written in a BASIC language was developed. In 

particular, only the reflections hkl for which the intensities were available for all three 

data sets (A, B, and AB) were considered. The standard deviations of each intensity 

were considered to evaluate a weight factor. The standard deviation of the occupancy 

factor was calculated, for each hkl, from the standard deviation of the corresponding 

intensity, evaluated by the SCALA [12] software during scaling protocol:  
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Afterwards, a weight factor was calculated for each xhkl: 
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Moreover, the standard deviation of the weighted mean was calculated: 
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where N is the total number of reflections used in the calculation. 

Values obtained for the occupancy factors for the crystals analysed are reported in 

Table 6.2.  

 

6.2.1.3 Scale of relative affinity of the cavitand for the alcoholic guests 

Considering the host-guest complexation reactions and their constants: 
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where [A] and [B] are the concentrations of the free alcohols in the crystallization 

solution, [Tiiii] is the concentration of the free cavitand in the crystallization solution and 

[Tiiii·A] and [Tiiii·B] are the concentrations of the cavitand complexed in with the alcohol 

A and B, respectively, the ratio between the constants can be calculated as: 
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=   (6.14).  

Two hypotheses were considered in the following treatment: 

1) molar fractions of each alcohol present in the crystallization drop are equal to those 

present in the reservoir solution: [A] = XA and [B] = XB = 1-XA, where XA is the molar 

fraction of alcoholic guest A in the reservoir solution and XB is the molar fraction of 

alcoholic guest B in the reservoir solution.  

2) the nature of the alcoholic guest has a small influence on the crystallization 

process. 

Since the concentrations of the complexed forms are proportional to the occupancy 

factor of the alcoholic guest in the cavitand site, [ ]
A

wiiii xAT ∝⋅  and 

[ ]
A

w

B

wiiii xxBT −=∝⋅ 1 , the ratio between complexation constants of the two alcohols 

involved can be calculated for all structures containing binary guests, since the 

concentrations of the complexed forms are proportional to the occupancy factor of the 

alcoholic guest in the cavitand site:  
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Errors on these ratios were calculated as: 
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=  (6.16), 

where VA and VB are the volumes of each alcohol dispensed in the reservoir of the 

crystallization experiment, while 
AVσ  and 

BVσ  are the standard deviations on these 

values. The standard deviations on the volumes introduced in the reservoir solution 

were obtained considering the random errors calculated for the automatic pipettes 

using during the experimental set up. In particular, depending on the volume of the 

alcohol required in each crystallization trial, two kind of pipettes were used: a Gilson-

P200 pipette for volumes between 50 µL and 200 µL (mean random error: 0.25 µL) 

and a Gilson-P1000 pipette for volumes between 201 µL and 500 µL (mean random 

error: 1 µL). 

The ratios between complexation constants and their standard deviations were 

calculated for all binary structures (Table 6.2). Since the values obtained for different 

structures containing the same alcoholic guests in competition display in same cases a 

large range of variation (for example the methanol series), this method has not been 

proven to be reliable to unambiguously determine the ratios between complexation 

constants.  



Receptor for Alcohols 

 

193

Table 6.2: Values of the occupancy factors of guest alcohols in the cavitand binding site, 

evaluated using the statistical method developed. From occupancy factors, the ratios between 

complexation constants were calculated.  

Alcohol A Alcohol B 
XA (molar 
fraction) 

A
wx

A

wx σ±  

(occupancy factor, %) 
BA KKBA KK σ±  

0.2  8.38 ± 0.20 0.3658 ± 0.0099 

0.4 (1) 17.80 ± 0.19 0.3248 ± 0.0045 

0.4 (2) 13.66 ± 0.21 0.2374 ± 0.0043 

0.6 14.32 ± 0.18 0.1114 ± 0.0017 

Methanol Ethanol 

0.8 34.72 ± 0.26 0.1330 ± 0.016 

0.2 26.15 ± 0.25 1.4166 ± 0.0204 

0.4 38.26 ± 0.31 0.9294 ± 0.0128 

0.6 36.73 ± 0.30 0.3870 ± 0.0055 
Methanol 1-Propanol 

0.8 61.87 ± 0.45 0.4057 ± 0.0079 

0.2 36.90 ± 0.25 2.3395 ± 0.0289 
Methanol 2-Propanol 

0.4 65.69 ± 0.24 2.8718 ± 0.0329 

0.2 62.19 ± 0.56 6.5795 ± 0.1648 
Methanol 1-Butanol 

0.4 42.31 ± 0.58 1.1001 ± 0.0263 

Methanol 2-Butanol 0.4 66.55 ± 0.52 2.9842 ± 0.0703 

0.2 54.38 ± 0.32 4.7678 ± 0.0642 

0.4 73.04 ± 0.25 4.0640 ± 0.0547 Ethanol 1-Propanol 

0.6 79.18 ± 0.30 2.5350 ± 0.0483 

0.2 70.79 ± 0.32 9.6947 ± 0.1541 

0.4 79.68 ± 0.33 5.8795 ± 0.1207 

0.6 (1) 81.74 ± 0.29 2.9851 ± 0.0611 
Ethanol 2-Propanol 

0.6 (2) 79.85 ± 0.38 2.6417 ± 0.0636 

Ethanol 2-Butanol 0.4 72.40 ± 0.48 3.9353 ± 0.0963 

0.2 40.60 ± 0.27 2.7339 ± 0.0327 

0.4 (1) 57.45 ± 0.33 2.0252 ± 0.0292 

0.4 (2) 62.44 ± 0.25 2.4936 ± 0.0294 

0.6 73.82 ± 0.22 1.8797 ± 0.0250 

1-Propanol 2-Propanol 

0.8 81.03 ± 0.33 1.0679 ± 0.0235 

0.2 67.71 ± 0.46 9.2071 ± 0.2022 
1-Propanol 1-Butanol 

0.8 90.46 ± 0.28 2.3707 ± 0.0785 

0.2 59.41 ± 0.37 5.8543 ± 0.0939 
1-Propanol 2-Butanol 

0.4 79.41 ± 0.19 5.7864 ± 0.0704 

0.2 54.76 ± 0.43 4.8416 ± 0.0862 
2-Propanol 1-Butanol 

0.6 90.30 ± 0.17 6.2094 ± 0.1289 

0.2 51.90 ± 0.30 4.3162 ± 0.0548 
2-Propanol 2-Butanol 

0.4 68.05 ± 0.27 3.1954 ± 0.0419 

0.4 29.14 ± 0.47 0.6168 ± 0.0142 
1-Butanol 2-Butanol 

0.6 47.17 ± 0.55 0.5952 ± 0.0135 
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However, considering each pair of alcohols, it is possible to define a general trend. 

When compared affinity of the cavitand for ethanol and methanol, although the values 

of the ratio EtOHMeOH KK  are quite different, in all cases they are lower than the unit. 

Therefore, a higher affinity for ethanol can be derived from this experiments. As 

regards the pair methanol/1-propanol, the values of the ratio OHMeOH KK Pr1  are both 

higher and lower than the unit. A similar affinity can be postulated for methanol and 1-

propanol. The values of the ratios OHMeOH KK Pr2 are both higher than the unit and 

around 2.5. Therefore, the experiments indicate that the cavitand has an affinity more 

than double for methanol than for 1-propanol. The values of the ratios 

BuOHMeOH KK 1 are both higher than the unit, although they are very different. The 

affinity of the cavitand for methanol is higher than that for 1-butanol. Only one value 

was calculated for the ratio BuOHMeOH KK 2 , showing that complexation with methanol 

is more strong than complexation with 2-butanol. The ratio OHEtOH KK Pr1  shows that 

the cavitand has a higher affinity for ethanol with respect to 1-propanol. This result 

confirms that ethanol is a stronger guest with respect to both methanol and 1-propanol, 

that as a similar affinity for the cavitand site. The values of the ratio 

OHEtOH KK Pr2 confirms the stronger affinity of ethanol also with respect to 2-propanol, 

as suggested from the competition experiments with methanol. To determine the 

competition between ethanol and 2-butanol, only one crystallization trial succeeded. 

The unique value obtained for the ratio BuOHEtOH KK 2  clearly indicates that ethanol 

has a stronger affinity for the cavitand site, as shown in the methanol series of 

experiments. Although slightly different values were obtained for the ratio 

OHOH KK Pr2Pr1 , they were all higher than one, indicating a stronger affinity of the 

linear alcohol with respect to the branched one. Values higher than one were also 

obtained for the ratio BuOHOH KK 1Pr1 , showing that the shorter chain of 1-propanol fits 

well the cavitand site with respect to 1-butanol. In the two competition experiments 

between 1-propanol and 2-butanol, the former shows a stronger affinity with respect to 

the latter, confirming the previous results obtained with methanol. Concerning the 

competition experiments of 2-propanol against 1-butanol and 2-butanol, the values of 

the ratios BuOHOH KK 1Pr2 and BuOHOH KK 2Pr2 , that are higher than one, show the 

stronger affinity of the former with respect to the latter. Finally, the values of the 

BuOHBuOH KK 21  ratio, both lower than the unit, indicate that 1-butanol binds weakly the 

cavitand with respect to 2-butanol. The analysis of the competition experiments allows 

the determination of a relative scale of affinity of the cavitand for the alcoholic guests: 

BuOHBuOHOHPrOHPrMeOHEtOH 1221 >>>≈> . 
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6.2.1.4 Comparison between the scale of relative affinity and results obtained 

with other techniques 

The results of this competition analysis have been compared with results obtained 

with other techniques. In particular, QCM responses indicate that, increasing the chain 

length for a series of linear alcohols, the binding with the cavitand layer increases 

(Figure 6.7a) [1, 7, 8]. However, if these results are normalized considered the 

response of a non specific polymer (polyepichlorohydrin, PECH), the shorter chain 

alcohols show a larger frequency shift than the longer (Figure 6.7b).  

 

(a) (b) 

 

Figure 6.7: Results of the QCM analysis [1, 7, 8] using monophosphonato cavitands analogous 

to the cavitand Tiiii[H,CH3,CH3], used in the present crystallographic study. (a) Frequency shifts 

in a series of alcoholic guests and (b) results normalized considering the response of a non 

specific polymer (polyepichlorohydrin, PECH). 
 

In analysis conducted using QCM technique both specific and non specific 

interactions are involved and distinguishing between the two is rather difficult. The 

latter graphic is probably more significative as regards the specific response of the 

cavitand, since the contribution of non-specific interactions between the alkyl chain and 

the cavitand layer is reduced due to the normalization. Considering only the linear 

alcohols, this result is similar to the one obtained in the crystallographic analysis, 

except for the methanol, which interaction seems to be stronger than that of ethanol. 

The discrepancy can be attributed to the difficulty in determining the exact position of 

the methanol guest and the influence of water impurities (see paragraph 6.1.2.1, 

regarding structures obtained in presence of a single alcoholic guest). 
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7. Design of bifunctional molecules for the synthesis of 

supramolecular polymers 

The host-guest complexation properties of phosphonato resorcinarenic cavitands 

towards N-methylpyridinium guests, that have been previously reported (see 

paragraph 4.3 and [1], suggest the possibility to design new dynamic materials, able to 

reversibly associate ad dissociate as a response to an external stimulus. Considering 

the selectivity of such a complexation, new molecules were rationally designed in order 

to investigate the interactions both in solution and in the solid state.  

The aim of this work was the synthesis of polymers based on non-covalent 

interactions and this result was achieved both using a monomer bearing a host moiety 

and a guest one, that leads to the formation of a homopolimer, and using two 

monomers, a di-host molecule and a di-guest one, in order to obtain a heteropolymer. 

 

7.1 Stopper: hindered host feature, combined with a guest feature 

The diffraction data obtained for crystals of the thiophosphonato resorcinarene 

Stopper 7, exhibiting a N-methyl pyridinium moiety bound to the lower rim, show a 

monoclinic unit cell with a C 2/c symmetry, containing 8 molecules (Figure 7.1). In the 

asymmetric unit two esafluorophosphate ions both having an occupancy factor of 50% 

were located in addition to the cavitand molecule and balance the positive charge of 

the N-methyl pyridinium group. One is intramolecularly related by an inversion centre, 

while the other is positioned on a binary axis. Moreover, a molecule of acetonitrile, 

used as solvent during crystallization was located in the centre of the aromatic cavity of 

resorcarene.  
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Figure 7.1: Unit cell of the structure of the cavitand Stopper 7. Solvent molecules have been 

omitted and molecules generated by symmetry elements of the C 2/c space group are 

represented in different colours. 
 

The thiophosphonic groups on the upper rim are all directed inward, while the 

phenyl groups bound to the phosphorous atom are disposed outside. Due to the soft 

character of the P=S moieties and to the steric hindrance of the sulfur atoms, that have 

a larger van der Waals radius with respect to the oxygen atoms present in previous 

resorcarenic structures (see above), no complexation was observed with the N-methyl 

pyridinium moiety. However, the solvent molecule present in the centre of the aromatic 

cavity shows two kind of non covalent interactions, a CH-π interaction between the 

methyl group of acetonitrile and the π systems forming the cavity (Figure 7.2a) and a 

dipole-dipole interaction between the P=S groups and the electron-deficient carbon 

atom of the nitrile group (Figure 7.2b). The minimum distance between the aromatic 

walls and the hydrogen atoms of the methyl group has a value of 3.71(2) Ǻ, while the 

minimum distance between a sulfur atom on the upper rim of the cavitand and the 

nitrilic carbon atom of the solvent molecule measures 3.42(3) Ǻ. The former of this 

interactions is very similar to that observed previously for the terminal methyl group of 

the alcoholic guests of cavitand Tiiii[H,CH3,CH3]. The latter interaction is the soft 

analogous of the hard interaction present in the same structures between the hydroxyl 

group of the alcohols and the phosphonato group of Tiiii[H,CH3,CH3]. Thus, in the 

present structure, a host-guest complexation between soft groups was recognized, 

while the hard N-methyl pyridinium group does not display any kind of complexation, 

due to the lack of a suitable host group. A host-guest complexation involving 

thiophosphonato cavitands, similar to Stopper, has been previously reported by 

Dutasta and co-workers [2, 3]. 
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(a) (b) 

 

Figure 7.2: (a) Interaction CH-π between the methyl group of the acetonitrile molecule and the 

aromatic walls of the cavitand. (b) Dipole-dipole interaction of this solvent molecule with the 

thiophosphonato groups of the upper rim. 

 

Moreover, another non covalent interaction was noticed between the 

esafluorophosphate ion located on the inversion centre and the groups on the lower 

rim of the cavitand. In particular, the anion has a P-F bond directed towards the centre 

of the rim and interacts with the first methylenic groups of the alkyl chains of the 

cavitand. The minimum fluoride-hydrogen distance measures 2.71(2) Ǻ (Figure 7.3).  

 

 

Figure 7.3: Interaction of a esafluorophosphate  ion with the first methylenic groups of the alkyl 
substituents on the lower rim of the Stopper cavitand.  

 



Supramolecular Polymers 

 

200

7.2 Complexation of Stopper with a host-only molecule: formation of 

a dimer 

A dimeric complex was synthesized using the cavitand Stopper 7 and the cavitand, 

Tiiii[CH2CH2CH3,CH3,Ph], 8, displaying a host-only functionality. Solution studies by 

isothermal titration calorimetry (ITC) proved the complexation between this two 

molecules in dichlorometane and in methanol [4]. In particular, the dichlorometane 

solution revealed a high association constant, in the order of 107, while the same 

constants measured in an alcoholic solution has proven to be lower, revealing that 

solvation effects are determining in the formation of the complex.  

In crystals of this complex both the molecules were found in the asymmetric unit of 

the monoclinic crystal cell (Figure 7.4), in addition to a esafluorophosphate ion, 

balancing the positive charge of the N-methyl pyridinium group of 7, and three solvent 

(acetonitrile) molecules. 

 

 

Figure 7.4: Crystal cell of the complex between the cavitand Stopper 7 (coloured in green) and 

the host cavitand 8 (coloured in blue). Counterions and solvent molecules have been omitted. 

 

In this structure, as expected, the host-guest complexation was observed between 

the guest moiety, the N-methyl pyridinium group, of the Stopper cavitand and the 

aromatic cavity of the phosphonato resorcarene (Figure 7.5). The interaction is very 

similar to that observed between the similar cavitand 4 and the analogous N-methyl 

pyridinium group of the porphyrin 2 (see paragraph 4.3.2.1 and [1]). A CH-π interaction 

can be recognized with a minimum distance between the hydrogen atoms of he methyl 

group and the aromatic planes of the cavity of 3.49(2) Ǻ, together with a dipole-dipole 

interaction between the positively charged nitrogen atom of the pyridinium and the 
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phosphonato groups of the host with a distance between the interacting oxygen atom 

and the nitrogen atom of 2.83(2) Ǻ . 

 

Figure 7.5: Host-guest interaction between the cavity of the cavitand 8 and the N-methyl 

pyridinium moiety of the cavitand Stopper, 7. 

 

Another interaction was observed between its cavity and a solvent (acetonitrile) 

molecule, as in the structure of the Stopper cavitand. Values of the minimum distances 

between the methylic hydrogen atoms and the mean planes of the aromatic rings of 

the cavity (3.89(2) Ǻ) and between the carbon atom of the solvent and the sulphur 

atoms of the cavitand (3.43(3) Å) are very similar to those found in the structure of 

Stopper. The host-guest interaction at the lower rim between the esafluorophosphate 

ion and the methylene groups observed in the structure of Stopper was found also in 

the present structure, involving the same cavitand, at a minimum distance between the 

carbon atoms of methylene groups and the fluoride atom of 3.81(3) Ǻ. Moreover, a 

similar interaction at the lower rim of the other cavitand, 8, involves a solvent molecule, 

with the C≡N bond pointing towards the centre of the lower rim. The mean distance 

between the hydrogen atoms and the carbon nitrogen atom is 3.77(3) Ǻ.  

The analysis of the crystal packing in this structure reveals the presence of a π-π 

stacking interaction between two phenyl rings belonging to substituent groups of two 

symmetry related Stopper cavitands (Figure 7.6). The interaction is weak as 

demonstrated by the geometry of the groups involved. In particolar, the aromatic rings 

are disposed on mean planes forming an angle of 22.83(8)°, while the mean distance 

between the rings is of 4.11(3) Ǻ.  
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Figure 7.6: π-π Interaction in the structure of the dimer 7(Stopper)·8, determining the formation 

of a close crystal packing. 

 
The host-guest interaction observed between the Stopper cavitand and the 

cavitand 8 confirms the high affinity between the two groups involved, as already 

reported in the present thesis and in literature [1, 3]. 

 

7.3 Self-assembly of a molecule containing both a host and a guest 

moieties: a supramolecular polymer 

The results previously exposed underline the possibility to obtain a bifunctional 

molecule having both a host moiety, i.e. a resorcinarenic cavity, and a guest moiety, 

i.e. a N-methylpyrydinium group. Since for the molecule of Stopper (7) the guest 

behaviour was proven both in solution [4] and in the solid state and the complexation 

between the phosphonato cavitand and a N-methylpyridinium moiety was reported, the 

monomer 11 (Scheme 7.1) was synthesized by the research group of Professor 

Dalcanale of the University of Parma.  
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Scheme 7.1 

 
Results, obtained in solution by the same research group, proved the formation of a 

polymeric specie. In particular, using Static Light Scattering (SLS) techniques, the 



Supramolecular Polymers 

 

203

evaluation of the weight-average molecular weight against concentration of the 

monomer was possible. This experiment showed a linear dependence in the range of 

sensibility of the technique, proving the presence in solution of a polymeric chain of 18 

units at the maximum concentration used [4]. Moreover, the addition of a Stopper 

molecule (7) or of a competitive guest molecule (N-buthylmethylammonium iodide) 

leads to a decreasing of the molecular weight of the polymer, while the addition of a N-

methylpyridinium porphyrin quadruplicate the molecular weight [4]. This result was 

interpreted as a complexation of the N-methyl pyridinium moieties of the porphyrin with 

the free cavitands at one end of the polymeric chains, as suggested also by the 

observation that the porphyrin solubility in chloroform is increased by the presence in 

solution of 11 [4]. Whereas, a disassembly of the polymer was probably obtained in the 

first case, i.e. when 7 or N-buthylmethylammonium iodide was added. Similar results 

were obtained by 1H NMR experiments carried out by the research group of Professor 

Dalcanale. 

Another clue of the reversibility of the association and dissociation of a polymeric 

specie in solution was the increasing of solubility observed for a suspension of the 

polymer in acetonitrile, when the competitive guest was added. If such a guest was 

deprotonated in solution, a re-association of the polymer was observed [4].  

Further crystallization trials, obtain by the same research group in which the 

experimental work for this thesis was done, show the self-polymerisation also in the 

solid state of 11 [4]. The interactions observed in the crystal structure are similar to 

those reported for the dimeric structure of 7·8, both as regards the host-guest 

complexation of the N-methylpyridinium moiety in the aromatic cavity and as regards 

the interaction of the counterion esafluorophosfate with the lower rim of the cavitand 

[4]. The monomers are disposed with the cavities rotated of 90° each other, in such a 

way as to form a 45° angle with the direction of growth of the polymer (Figure 7.7) [4]. 

Moreover, a new interaction between the polymeric chains was observed, probably 

driven by the interaction of the dipolar momentum of each chain. Actually, in the crystal 

structure, each chain is disposed in a antiparallel arrangement with respect to the four 

neighbouring chains (Figure 7.7) [4].  
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Figure 7.7: Crystal packing of the polymer of 11, in a view perpendicular to the chain growth 

direction [4]. Chains displaying opposite directions are coloured in different colours. The unit 
cell is also shown. 

 

7.4 Complexation between a molecule showing two host moieties 

and a molecule showing two guest moieties: dimer or polymer? 

Another host guest complex was obtained by mixing a molecule with a double host 

functionality (9) and a molecule with a double guest functionality (10). The crystals of 

this complex were monoclinic, belonging to the space group P 21/c. In the asymmetric 

unit two cavitand moieties, 2.5 solvent molecules, one at full occupancy and 1.5 in 

three positions at partial occupancy, and 2 esafluorophosphate ions were located. 

Moreover, a residual electron density between the cavitands has been interpreted as a 

di-guest molecule. The presence of this molecule together with the esafluorophosphate 

ions determines the electroneutrality of the whole crystal.  

The position of the N,N’-dimethyl-4,4’-bipyridinium ion suggests a double 

complexation of the N-methyl pyridinium groups in the two independent resorcinarenic 

cavities (Figure 7.8). As for the previously determined structures, the host-guest 

interaction consists of a CH-π interaction, between the methyl group of the guest 

molecule and the aromatic walls of the cavitands (minimum distance of hydrogen 

atoms from the mean planes of the aromatic groups: 3.55(2) Ǻ), and a dipole-dipole 

interaction, between the positively charged nitrogen of the guest and the negative end 

of the P=O dipoles (minimum nitrogen-oxygen distance: 3.02(3) Ǻ). 
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Figure 7.8: Host-guest interaction between the di-host molecule 10 and the resorcinarenic 

cavities, determined in the structure of the complex 9·10. 
 

Other well defined interactions were identified between a solvent molecule 

(acetonitrile) and one of the independent resorcinarene moieties, with the C≡N bond 

pointing towards the centre of the lower rim, and between a esaflorophosphate ion and 

the other independent cavitand, with one of the P-F bonds oriented in the centre of the 

lower rim. Both the interactions closely resemble those found in the structure of the 

complex 7(Stopper)·8, with a short distances from the first methylenic groups of the 

substituents of the cavitands. In particular, a minimum distance of 3.65(6) Ǻ between a 

carbon atom of the methylenic groups and the nitrogen atom of the nitrile group was 

measured for the interaction involving the acetonitrile molecule, while a minimum 

distance of 3.61(5) Ǻ between a analogous carbon atom and a fluorine atom of the 

counterion.  

Further analysis revealed the presence of a residual electron density close to the 

lower rims of the cavities (Figure 7.9). In this region a 3,5-dicarboxypyridine residue 

should be present considering the scheme of the molecule based on the synthetic 

strategy. Due to the low resolution of this electron density, it was not possible to locate 

certainly this moiety, but the analysis of the crystal packing suggests some possible 

positions for the aromatic ring. Actually, the complete packing of the crystal cell reveals 

that the unpredicted electron density is located close to the substituents of the lower 

rim of four cavitands, two by two related by symmetry elements and belonging to 

neighbouring unit cells. 
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Figure 7.9: Electron density map (in blue, contour level: 2σ) and residual electron density map 

(in red, contour level: 2σ) in the region were the dicarboxypyridine residue was located. 
 

The 3,5-dicarboxypyridine moiety was introduced in the structure in several 

different possible positions and refined as a rigid body. Considering the geometry of 

this fragment, the distance between the two oxygen atoms bound to the cavitands 

should have a value between 4.8 and 7.2 Ǻ, according to the two different possible 

orientations of the carboxylic groups. The distance between the terminal carbon of the 

alkyl chain of the cavitand and oxygen atom of the dicarboxypyridine and the angle 

formed by this bond have to be also considered. Twelve possible orientations were 

identified analysing the coordinates.  

A further analysis revealed that five of this positions connected cavitands related by 

a translational vector of the crystalline array, as cavitands A and B in Scheme 7.2. 

Thus, if a 3,5-dicarboxypyridine moiety would connect these groups, through bonds 

with the d chain of cavitand A and the c chain of cavitand B, the c chain of cavitand A 

should have the same bond with an adjacent group. However, this scheme would 

reveal a polymeric structure, which is not supported by other experiments, performed 

by the group of Professor Dalcanale in Parma, including the elementary analysis. In 

fact, a polymeric structure should contain a 1:1 ratio of dicarboxypyridine and 

cavitands, while the ratio in the sample was characterized to be 1:2. The five 

configurations that lead to the formation of such a polymeric structure were than 

rejected. 



Supramolecular Polymers 

 

207

O
P

O O
P

O

O OOO
P

O O
P

O
O

PhPhPh Ph

O
P

OO
P
O

OO O O
Ph Ph

PhPh

O O

N

OO

P
OO

P

O
O

 

A B 

c d c d 

 

Scheme 7.2 
 

The remaining seven positions allowed for the dicarboxypyridine moiety were used 

in the following refinement cycles, considering the whole group as a rigid body, with an 

occupancy factor of 0.3. Unfortunately, due to the high value of the thermal parameters 

of this groups, the final position of this moiety was not determined through refinement 

of the models containing the different possible positions. The values of the R factors 

obtained through this refinement cycles were rather high too. However, the seven 

positions that were not excluded by topology considerations support a polymeric 

supramolecular structure, rather than a tetrameric structure. In fact, in all these models, 

the resorcinarenic cavities linked by the dicarboxypyridine are disposed towards 

opposite directions, as in the polymeric configuration (Scheme 7.3a), rather than 

towards the same direction, as expected considering the tetrameric disposition 

(Scheme 7.3b). 
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8. Conclusions 

The structural characterization of the supramolecular architecture is crucial for a 

deep knowledge of self-assembling or self-organization processes, since molecular 

recognition is ruled by weak non covalent interactions that are difficult to predict. X-ray 

crystallography is one of the most suitable techniques to achieve these purposes and 

has been extensively applied to determine the binding geometries both of biological 

complexes and synthetic systems.  

In this work, through crystallographic techniques, the electrostatic surfaces of the 

oxidized and reduced form of Horse Heart cytochrome c have been characterized. The 

peculiarity of this investigation consists in the use of nitrate ions as a probe for the 

electrostatic charges on the protein surface. The nitrate ions, used in the crystallization 

solution, interact through their negative charge with the positive charges of residues 

located on the protein surface.  

The structural comparison between the two new crystal forms of the cytochrome c, 

a trigonal and a monoclinic form for oxidized and reduced state of protein, respectively, 

underlines that the main differences concern the positions of side chains of residues on 

the surface of the protein, the interactions with nitrate ions and a significant change in 

the network of hydrogen bonds in the core of the protein. In particular, a switching H-

bond mechanism has been recognized depending on the redox state of the iron ion in 

the centre of the prosthetic group. This result has been related with the differences in 

the reduction potentials found in the cytochrome c family.  

The crystal structures of the ferri- and ferro-cytochrome c allowed to detect the 

specific sites of interaction between the protein and the nitrate probe and, therefore, to 

determine the regions of the protein surface that undergo significant changes of the 

electrostatic properties due to the change of the reduction state of the iron ion. In both 

new crystal forms of the cytochrome c three independent molecules have been found, 

improving the statistic of the main differences between the oxidized and the reduced 

states, regarding both the core and the surface of the protein. 

On the protein surface, 26 different interaction sites for the nitrate ions were 

recognized. Ten of these sites are common to both forms of the protein. Among these 

common sites, a particular one close to the heme exposed surface is located in a 

region probably involved in the electron transfer process. Eight nitrate sites are 

characteristic only of the ferricytochrome c structure, while other eight sites are only 

found in the ferrocytochrome c one. This analysis has allowed the determination of the 

changes in electrostatic properties of the protein surface that are probably decisive for 

the molecular recognition of the biological partners of cytochrome c. In particular, 
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characteristic sites of the reduced form are located mainly around the heme pocket, 

while those found only in the oxidized one are located in an opposite region, farther 

from the heme pocket.  

The following step was to apply the mapping of the electrostatic surface obtained 

from the previous analysis to the structures of biological complexes found in literature. 

The complex between cytochrome c and cytochrome bc1 was overlapped with the 

structure of cytochrome c mapped with nitrate ions. An important change between the 

oxidized and the reduced forms was observed in the binding region, hence, a possible 

mechanism of formation and breakage of the complex, consequent to the change of 

the oxidation state of the iron ion, was proposed. In particular, the docking of 

ferricytochrome to cytochrome bc1 complex is driven by complementary charged 

regions. The following electron transfer to the heme group of cytochrome c induces a 

change of the electrostatic surface. The positively charged region on ferrocytochrome, 

formed by this reaction, faces an uncharged region on the surface of bc1 complex. 

Thus, the surfaces of the two partners do not match any more and, then, the 

cytochrome slides out. This hypothesis agrees with the physiological role of the bc1 

complex, that reduces the ferricytochrome to ferrocytochrome.  

The binding regions of cytochrome c-cytochrome c peroxidase complex and of 

bacterial cytochrome c2-photosynthetic reaction centre were also analysed. Both the 

peroxidase and the reaction centre interact with the reduced form of the cytochrome. 

Thus, the mechanism of complex formation/breakage should be different from the one 

suggested for the bc1 complex. The results of the mapping of the cytochrome c 

surface hint that the binding is driven by an electrostatic complementarity between the 

negatively charged region of peroxidase and reaction centre and the positive region 

around the heme group of ferrocytochrome. On the contrary, when an electron is 

transferred from the cytochrome c to its redox partners, the electrostatic surface of this 

binding region is less positive, as indicated by the disposition of the nitrate ions in the 

ferricytochrome. Therefore, the result of the electron transfer is a reduction of the 

affinity between the two redox partners and the breakage of the complex. 

X ray diffraction techniques have been also applied to characterize synthetic 

supramolecular complexes between porphyrin and cavitand building blocks. Porphyrins 

appear as very promising systems for light harvesting with optical properties that can 

be easily tuned through metallation and functionalization. A negatively charged 

calixarene and a neutral resorcinarene have been used to form star shaped 

supramolecular complexes in presence of four-fold symmetric cationic porphyrin units.  

A highly flexible nanoporous material has been obtained by synergistic non-

covalent interactions of calixarene and porphyrin building blocks. This supramolecular 

zeolite-like structure has been easily functionalized by diffusion and coordination of 
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metal ions. Amongst the forms of matter, the solid state is the least reactive because 

reactions in the bulk are generally difficult to promote owing to the close packing. For 

this reason, microporous frameworks, having voids and channels of various aperture 

sizes and shapes, are important for a wide range of technological applications, such as 

selective guest storage and molecular sieving as well as nano-reactors. The new bi-

functionalized porous material described in this thesis contains a porphyrinic pigment 

together with a potential catalytic metal centre. Thus, this calixarene-porphyrin complex 

represents a further step towards an artificial system having the two functions needed 

to mimic the steps of the oxidative processes of photosynthetic pathways. 

The water oxidation with evolution of oxygen is another biological process with high 

efficiency that has also been extensively studied as model for synthetic complexes 

catalyzing water splitting. Multinuclear ruthenium complexes have proven to be 

promising systems to gain high catalytic turnover numbers for oxygen evolving 

reactions. In particular, in this thesis a new di-γ-decatungstosilicate embedding a tetra-

ruthenium(IV)-oxo core has been structurally characterized. Such a system displays a 

remarkable water-oxidation rate, indicating a very robust catalyst, compared to other 

previously reported ruthenium systems, bearing classical organic ligands. The X-ray 

analysis has allowed the determination of the exact geometry of the metal cluster, 

adding a clue to understand the high turnover number obtained in this catalytic 

process.    

Supramolecular chemistry has also been extensively applied in the field of 

molecular recognition in sensoring devices. The characteristics of this approach, i.e. 

the weakness and the reversibility of the interactions together with the high specificity 

that can be achieved with a rational design, fit perfectly the qualities required for a 

good sensoring system. In the last two decades, an amazing number of synthetic 

receptors for recognition and binding of molecules through non-covalent interactions 

has been designed and prepared. Among these, cavitands, synthetic organic 

compounds with rigid cavities, are extremely interesting and versatile. Tetra-

phosphonate cavitands, are able to host both cationic and neutral guests. In this thesis, 

alcohol complexation properties of a phosphonate cavitand have been studied by X-ray 

diffraction analysis. Isomorphic crystals of complexes of the cavitand with different 

alcoholic guests (methanol, ethanol, 1-propanol, 2-propanol, 1-butanol and 2-butanol) 

show that the supramolecular assembly is formed through a strong H-bond between 

the hydroxyl group of the alcohol and a PO group of the cavitand and a CH3-π host-

guest interaction between the terminal methyl group of the alcohol and the aromatic 

rings of the cavity. For a systematic study of the competition between different 

alcoholic guests for the cavitand site, a micro-batch procedure to crystallize the 

phosphorus cavitands with binary mixtures of alcohols has been implemented. X-ray 
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structure analysis shows a strong overlap in the electron densities of different guests. 

As a consequence, the determination of the relative occupancy factors of alcohol sites 

with conventional refinement was difficult, even using high quality data from 

synchrotron radiation source. Thus, an alternative method to evaluate the occupancy 

factors, based on a direct statistical analysis of the diffraction intensities, has been 

developed. This crystallographic study has permitted for a cavitand receptor and a 

series of simple alcohols the estimation of the relative scale of affinity. 

Cavitand molecules, displaying high specificity as host moieties, can be used in the 

design of supramolecular polymers. In this thesis, the host-guest recognition approach 

was applied in the synthesis both of a homopolymer and a heteropolymer. In the 

former case, a guest N-methylpyridinium group was introduced in the lower rim of a 

tetraphosphonato resorcinarene, while in the latter two of such cavitand moieties were 

bound together and the supramolecular polymer was obtained coupling the di-host 

monomer with a di-guest one. X-ray diffraction techniques were used both to study the 

single interactions and to characterize the whole polymers. Moreover, molecules that 

act as chain stoppers in the growth of the polymer have been characterized by X-ray 

diffraction. Since examples of supramolecular polymers reported previously are mainly 

based on hydrogen bonding interactions, the present work, which exploits the host-

guest complexation properties in the design of such systems, represents a further step 

in the use of non-covalent interactions for the development of new dynamic materials.  

 


