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Then began I to thrive, and wisdom to get, 

I grew and well I was; 

Each word led me on to another word, 

Each deed to another deed. 

 

Hávamál, 141 
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1 INTRODUCTION 

1.1 CATION AND ANION COORDINATION CHEMISTRY 
Among the several possible ways to rationalize the present work, two choices 

appear as the most significant as well as the most suggestive: One could divide the 

research herein presented in two branches following either the laws of Nature, 

distinguishing cations from anions, or following the laws of Man, thus making a 

distinction between applied and basic research. Interestingly, both ways lead to 

discriminate cation and anion coordination chemistry. 

I confess to be under some kind of fascination, but, if my Reader pleases to bear 

with me awhile, I think I can make him share, or at least comprehend, my point of 

view. 

Now, please take into consideration any other possible couple of fields of research 

or objects of study: You will realize that finding a pair which is akin as anion and 

cation coordination chemistry is not an easy task, especially considering that the 

two are intertwined from the roots of the fundamental properties of matter 

upwards, since, apparently, a Demiurge of sort prescribed there should be no plus 

without a minus and vice versa. 

Per se, this may not be anything special, yet you should consider that these two twin 

fields require significantly different approaches and tools from a chemical 

perspective, making one of them considerably more accessible experimentally: this 

is bound to appear as a peculiar anomaly to the uninitiated, who is led to ascribe 

this fact to some weird practical difficulties or theoretical technicalities; in truth, 

from a chemical point of view, there is far more than a vertical bar distinguishing a 

plus from a minus. 

Finally, to close the gap, you have to know how such long unforeseen differences, 

with their inner tendency to favour one field over the other, joined spectacularly 

humanity’s contingent needs, leading to an even more asymmetric historical 

development. 

At the end of the day, anion coordination chemistry accumulated almost a century 

of delay compared to its cationic partner. Such disproportion appears in its full 

extent if confronted with the whole lifespan of modern chemistry, three centuries 

at most if we start counting midway between Boyle and Lavoisier, especially 

considering that modern cation coordination chemistry was not an early bird either 

(Alfred Werner was its first Nobel prize in 1908), and that, for better or for worse, 
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the number of scientists increased significantly over time, especially in the last 

century.         

Before we dive into the chemistry of this, I would like to provide a brief historical 

context to explain the choices made so far by the scientific community. Allow me to 

say that I undertake this duty very gladly, yet heavy-hearted: a throughout 

narration, drawing a proper parallel between History and the development of 

Science, especially in an age of great discoveries like the XIXth and XXth century, when 

the wildest hypotheses were advanced and often confuted, is unachievable here, 

deserving far another space and likely a better author.1 

Cation coordination chemistry, as pointed out above, is experimentally more 

accessible than anion’s, yet the historical reasons for the early blooming of the 

former should probably be ascribed to mankind compulsion for metals: it is not 

fortuitous that the term “metal” seems to arise from a Greek verb meaning “to look 

for”. 

Since humanity’s early days, our ancestors experienced the fascination exerted by 

small shiny pieces of metal, mainly copper and gold, not impossible to find in veins 

in their elemental state and very easy to distinguish from the common rocks. 

Undoubtedly our progenitors used them as ornaments and talismans, crafting them 

in complex shapes, as metals were so ductile and malleable compared to any other 

material they possessed: little they know that those tiny glittering trinkets were to 

end forever the customs and traditions of the Stone Age and start the Ages of 

metals. It all probably began when somebody realized how easy it was to obtain a 

cutting edge from a piece of metal compared to the effort required to chip a stone, 

or how readily a blunt metal blade could be sharpened again: soon bronze-armed 

warriors conquered vast extent of the known world only to be defeated, in later 

times, by those possessing the secret of iron smelting. 

Drawing a parallel between such ancient times and modern era may seem out of 

place, yet many of the fantasies which shaped the way of thinking in the past, 

making their mark on the development of thought, turned out to be feasible.2 Much 

of this heritage is probably bound to be relegated forever among the scientific 

curiosities, like the production of gold from lead, yet some of our contemporary 

improvements, like the use of metals in medicine, descend directly from ancient 

beliefs. Notwithstanding the difference between a shaman administering magic 

                                                           
1 The amateur Reader is gladly addressed to a “Short History of Chemistry” by Isaac Asimov, and his 
amazing ability to plainly explain scientific matters. The initiated will probably find the books by 
Salvatore Califano, a renowned scholar who was based here in Florence for many years, more fitting. 
2 “What is now proved, was once only imagined.” William Blake. 
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pieces of metal to the sick and the use of cisplatin in nowadays hospitals for the 

treatment of certain tumours, 3  one cannot deny the existence of a direct 

connection, perpetuated through the centuries by the efforts of many unknown 

charlatans and trailblazing empiricists. Human mind demonstrated unyielding in 

pursuing his desires.  

Now, with a dizzying leap, we are on the brink of the XXth century and modern 

chemistry is more or less in place to start discovering how charged species behave 

and interact. Yet, when faced with the choice between cations and anions, the 

formers were preferred due to the same mindset we demonstrated throughout our 

history: most metals are found in nature as cations, understanding how cations 

behave, and mastering them, seemed the key to an unprecedented breakthrough. 

Although the understanding of the matter was much scarcer than it is now, with 

chemists and physicists still debating on the nature of charged species while trying 

to figure why they could “isolate” the atom of electricity bearing the negative charge 

(nowadays called electron) but not its positive counterpart, some major 

improvements were made in those years, again coming out on the side of metals: 

two methods allowed the large-scale production of both aluminium and steel at 

affordable prices, which, up to date, are still the backbone of our infrastructure and 

machinery. 

Cation coordination chemistry did indeed bear fruit, and it is still blooming in 

present days: metal extraction from ores, dyes, catalysts, the understanding and use 

of several electrochemical processes (among which metal electrodeposition), a 

number of medical uses (e.g. complexes as drugs, ligands to cure metal poisoning, 

contrast agents for imaging) and many more applications arose from this discipline. 

Now the questions that come to mind are: “what about anions?”, and even “why 

suddenly people started bothering with anion in the second half of XXth century? 

Why at that time and not before, or after?”. 

Concerning the importance of anions and their binding, just citing a simple fact will 

suffice to do justice on the matter: Life is able to selectively recognize, bind and 

transform many anionic species, and it has become so good at it that over 70% [1] 

of all enzymatic substrates or cofactors are of anionic nature. 

Let’s just take a well-known, although fundamental, pathway: the Krebs cycle. All 

those weird -ate names, about ten (citrate, cis-aconitate, isocitrate, et cetera), each 

of them is an anion, and if you look closely, you will see that they are strictly related 

from a structural point of view. Nevertheless, our enzymes are capable to 

                                                           
3 “Any sufficiently advanced technology is indistinguishable from magic.” Arthur C. Clarke. 
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distinguish among them and operate selectively the required reaction, each on its 

own designated substrate: the whole thing is carried out so smoothly and efficiently 

that our cells have the impression of being just breathing. 

As to the when, probably my Reader has already smelled out the kind of answer 

from the nature of the examples, we may say that things followed their natural 

order, going towards an increasing complexity. By this I do not imply any 

subordination nor any speculative or pragmatic superiority of one field over the 

other: I want only to suggest that, unless fate favours a serendipitous discovery 

much ahead of time, the strongest interactions, the phenomena which manifest 

more plainly and the starting materials which require the less sophisticated tools 

are simply more prone to draw attention and be objects of investigation. Without 

yet entering in the different chemistry of anion and cation coordination, it is safe to 

say that the latter are generally forming much stronger interactions with their 

receptors, sometimes displaying striking change in colour upon binding, while often 

possessing a higher stability even under energetic treatment. 

Another good point, concerning the time of development, concerns the feasibility: 

understanding the possible implication of developing a field of research is a thing, 

but only when knowledge and technical means are mature enough, theoretical 

interests may start taking a more pragmatic twist. The milestone signalling that the 

way has been opened is surely the 1987 Nobel prize to Donald J. Cram, Jean-Marie 

Lehn and Charles J. Pedersen, for the establishment of Supramolecular Chemistry, 

of which anion coordination chemistry is but a fraction. 

Finally, the world has been changing quite a lot in the last century: the scientific 

community payed more attention on the biological role of anions, some 

anthropogenic anions started posing environmental problems 4  and, inevitably, 

some anionic species found applications or raised special interest.5 

All of this contributed to increase the awareness of the importance of studying 

anions and their selective recognition and binding. 

 

 

                                                           
4 e.g. phosphate and nitrate used in agriculture, nitrate again and sulphate from fuels combustion, 
perchlorate from explosives, along with some weird species otherwise non-existent in nature, like the 
oxyanions of technetium from 238U fission. 
5 e.g. the I-/I3

- redox couple and its application in solar cells, really polyiodides in general, both from a 
theoretical point of view and as solid-state conductors for special devices. 



5 

1.2 A STATEMENT OF PURPOSE 
Contrary to what is commonly done in most thesis, I would like to anticipate the aim 

of the present work right in the opening, hoping that an early declaration of intent 

could facilitate the reading. 

Following our brief historical excursus, we may say that the main difference 

between the chemistry of the last 50 years and that of older times, is arguably the 

fact that theory is developed enough, and in a sufficient number of fields, to allow 

chemists to make at least informed prediction, if not high-level calculations, on the 

properties of interest of molecules or compounds. 

Whatever the designated destination, designing, simulating and screening became 

the new North Star to discern the course to follow in a sea of potential molecular 

candidates. 

Surely, knowing where a desired property may hide gives us a head start, yet the 

increasing demands of specific properties and the continuous endeavour to 

improve, inborn to research and development for sure, often makes shaping the 

matter in such a way to squeeze out of it that latent property you strive for, 

particularly arduous. 

Coming to the point, the aims of the current work are perfectly in line with the 

Zeitgeist of modern chemistry: to extend theory whenever possible (read anion 

coordination chemistry) and apply it, with the elegance of the exquisitely chemical 

bottom-up approach, to produce new properties and materials (here, both cation 

and anion coordination chemistry). 
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1.3 SUPRAMOLECULAR CHEMISTRY [2] 
The choice of a deductive organization for this chapter prompts the introduction of 

Supramolecular Chemistry, which, as a concept, can be and has been defined in 

several different ways; here, the simplest possible definition would be “The 

founding and unifying moment of these three years of work”, yet, for the sake of 

clarity and etiquette, a more orthodox overview on the matter will be presented 

below. 

1.3.1 Definition [3] 

“Chemistry beyond the molecules”, “the chemistry of the non-covalent bond”, 

“non-molecular chemistry” and other striking definitions like “Lego chemistry” are 

commonly used to sum up what is probably one of the biggest interdisciplinary fields 

of chemistry. 

According to its conceptual father, and 1987 Nobel laureate, Jean-Marie Lehn: 

It is a sort of molecular sociology! Non-covalent interactions define the 

intercomponent bond, the action and reaction, in brief, the behaviour of the 

molecular individuals and populations: their social structure as an ensemble of 

individuals having its own organisation; their stability and their fragility; their 

tendency to associate or to isolate themselves; their selectivity, their "elective 

affinities" and class structure, their ability to recognize each other; their dynamics, 

fluidity or rigidity of arrangements and of castes, tensions, motions and 

reorientations; their mutual action and their transformations by each other. [4] 

Supramolecular Chemistry constitutes a true paradigm shift: molecules are designed 

and prepared with the traditional focus on the molecular level, paying attention on 

atoms and their covalent connections, then, defocusing to increase the depth of 

field, the emphasis is laid on the arrangement and properties of the system on a 

higher level of organisation (Figure 1.3-1). 

Although the scope of Supramolecular Chemistry is far broader, probably peaking 

at the degree of complexity of living beings, if not beyond, in the early stages the 

mutual intermolecular interactions of only two partners at a time were evaluated, 

as this constituted the most basic and understandable experimental setup: soon 

enough the community started speaking about host-guest chemistry. 

Host-guest chemistry, again, was given many definitions of growing complexity, first 

in term of relative size, then in terms of mutual arrangement of binding sites, which, 

in turn, required a definition on their own as molecular regions of one of the two 

partners capable of taking part in a non-covalent interaction. 
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Figure 1.3-1.Supramolecular Chemistry definition according to the classic host-guest scheme [3] [4]. 

The accepted unifying synthesis, being offered again by one of the 1987 Nobel 

laureates, Donald Cram, goes as follows: 

Complexes are composed of two or more molecules or ions held together in unique 

structural relationships by electrostatic forces other than those of full covalent 

bonds… molecular complexes are usually held together by hydrogen bonding, by ion 

pairing, by π-acid to π-base interactions, by metal-to-ligand binding, by van der 

Waals attractive forces, by solvent reorganising, and by partially made and broken 

covalent bonds (transition states)…High structural organisation is usually produced 

only through multiple binding sites… A highly structured molecular complex is 

composed of at least one host and one guest component… A host–guest relationship 

involves a complementary stereoelectronic arrangement of binding sites in host and 

guest... The host component is defined as an organic molecule or ion whose binding 

sites converge in the complex… The guest component as any molecule or ion whose 

binding sites diverge in the complex… [5] 

Such a complexes definition, containing both the principles and the toolbox of 

molecular interactions to put them in practice, will be briefly broken down in the 

following. 
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1.3.2 Principles in Host-Guest Chemistry [6] 

1.3.2.1 Complementarity and Preorganization: Classical View 

The whole of such a complex matter revolves around only two key principles: 

preorganization and complementarity. 

Preorganization refers to a quality of the host, which is possessing the same 

conformation, in its free form, that the one it will need to assume upon binding of 

the guest. 

Preorganization brings about several consequences: first, the energetic 

expenditures, both enthalpic, in terms of conformational rearrangement, and 

entropic, loss of degree of freedom, are reduced, thus favouring the formation of 

the complex. 

A natural consequence of the requirements of preorganization and convergent 

binding sites for the host, is that, generally, more complex and structured molecules 

are better fitted as receptors: macrocycles and cage-like ligands with rigid 

backbones, already possessing a cavity on their own, are generally first choice 

candidates. 

The pre-existence of a cavity, a limited space towards, hopefully, many binding sites 

converge, explains the second strong point of preorganization: a diminished 

solvation of the cavity of the host, which means an energetically less expensive 

desolvation upon binding of the guest, thus promoting the overall association 

process.   

The concept of complementarity is strictly related. 

In its most basic and intuitive form, we may speak about geometrical 

complementarity, addressing the problem of size and shape of the partners. 

This is understandable even without delving into chemical concepts: if two pieces 

were to interlock to keep a complex in place, the joints should fit. If a piece is too 

big it will not slot in, if it is too small, the junction will be floppy and loose; moreover, 

as every toddler learned, you cannot fit the square block into the triangular hole. 

Unluckily, things are a little bit more complicated, and chemists need to talk about 

complementarity of binding sites or stereoelectronic complementarity. By this we 

mean not only that the we need a topological match of donor and acceptor binding 

sites on the interacting partners, but also a match in a properly chemical way, e.g. 

pairing a hydrogen bond donor on the guest with a reciprocal hydrogen bond 

acceptor on the host, instead of any other type of interacting group that would 

cause a mismatch in the interaction pattern of the host-guest complex. 
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These two different aspects of complementarity, mainly arise from the different 

nature of the supramolecular forces in play. Some of them are non-directional, or 

poorly so, while they maintain an inverse dependency on distance. If we take the 

well-known Lennard-Jones potential as the simplest possible model for this, the 

size/shape complementarity is evident: forcing the partners too close will cause 

repulsion, cavity too small for the host, while holding them in a loose contact will 

result in a scarce stabilization, cavity too big for the host. 

Other supramolecular forces exist with a much more directional character and 

strengths often exceeding those of non-directional interactions; their main 

advantage is perhaps their main shortfall: they are selective. This means on one 

hand that one may achieve molecular recognition for a host of choice with the 

proper selection of its stereochemical properties, and, on the other, that the 

laborious task of imbuing the required properties to a cavity, both in terms of nature 

and topology of binding sites, is the only feasible route to confer to the host the 

ability of discriminating among different binding partners. 

1.3.2.2 Complementarity and Preorganization: A Revised Take 

Cram’s definitions and view, together with that of early days’ Supramolecular 

Chemistry, are heavily influenced by Emil Fischer’s 1894 “Lock and Key” model, 

which explains the impressive level of selectivity exhibited by enzymes for their 

substrates in living beings. Mutatis mutandis, a lock is complementary and 

preorganized for its key, and the fact that a centenary idea has remained so actual, 

although somewhat reformulated, says it all about the importance and success of 

the lock-and-key representation. 

As discussed above, preorganization and complementarity, together, contribute to 

the thermodynamic stability of the host-guest complexes and determine the 

selectivity of the host for the guest. 

Anyhow, at times, chemists are not concerned with the highest possible 

thermodynamic stability, nor to a recognition that, although selective, causes an 

irreversible association of the interacting partners. In a sense, this has even more to 

do with the original systems that inspired Fischer: enzymes do bind selectively a 

substrate and operate on it, but the binding is reversible and the product released 

in the cell, if the enzyme-substrate complexes were too stable, the system would 

stop working; in other words, if one seeks for functions, responses and reactivity, 

an excess of thermodynamic stability could just make it worse. 
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A new model, which goes by the name of “induced-fit”, equally valid from a chemical 

point of view (and probably more relevant in a biological sense), was proposed by 

Koshland in 1958, in which modifications of the host occur upon binding of the 

guest, the whole host-guest complex reshaping to achieve its final catalytically 

active form (see Figure 1.3-2). 

Figure 1.3-2. Enzyme and substrate interacting to give an enzyme-substrate complex: 
a) according to the lock and key mechanism; b) according to the induced-fit mechanism [6]. 

 

In this regard, the concept of preorganization, complementarity, and even that of 

cavity to a certain extent, underwent a sort of paradigm shift when supramolecular 

stimuli-responsive materials are sought for. The boundaries of cage-like, or even 

macrocyclic ligands, can be surpassed even maintaining a sort of preorganization 

and complementarity: prime examples of this, despite the efforts of chemists, are 

still more common in nature. Deferoxamine here is a case in point, a linear chain 

molecule which, despite its simplicity, is among the strongest soluble Fe(III) 

chelators: not only it is able to bind selectively one metal ion, but, as a bacterial 

siderophore, it manages to scavenge the rare 6  Fe(III) from the extracellular 

environment making it bio-available, i.e. despite the strong binding it can detach 

from the essential ion, releasing it inside the bacteria. 

 

 

 

                                                           
6 In terms of Earth abundance iron surely is not a rare element. Rare is to be understood 
from the perspective of bio-availability of the Fe3+ ion, which in general tends to form highly 
insoluble inorganic species, which many organisms cannot use as a source of this essential 
ion.  
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1.3.3 Supramolecular Interactions [7] 

Since molecules are the stable and discrete collections of atoms about whose 

sociology Supramolecular Chemistry is interested in, intermolecular forces, taken 

individually, must be, and indeed are, significantly weaker than their intramolecular 

counterparts (see Table 1.3-1). 

Table 1.3-1. Common supramolecular interactions. 

Supramolecular Interactions Directionality Bond Energies (kJ mol-1) 

Ion-Ion Nondirectional 100 – 350 
van der Waals Nondirectional < 5 
Ion-Dipole Slightly directional 50 – 200 
Dipole-Dipole Slightly directional 5 – 50 
Coordination Bond Directional 100 – 300 
Hydrogen Bond Directional 4 – 120 
Halogen Bond Directional 10 – 50 
π-π Interactions Directional 2 – 50 
Cation-π Interactions Directional 5 – 80 
Anion-π Interactions Directional 5 – 50 

 

Notwithstanding the fact that they possess only fractions of the energy of a covalent 

bond, these so called weak forces, can give rise to incredibly stable adducts due to 

their cooperative nature. 

A classic example of this is the marvellous double helix of the DNA. 

Keeping it simple, if we exclude any other kind of stabilization, assume hydrogen 

bonds to have a tenth of the strength of a covalent bond and base pairs to form 2.5 

hydrogen bonds on average, it turns out that a binding energy equivalent to that of 

a covalent bond is provided by the association of every 4 base pairs: now, if one 

takes in consideration the full extent of the molecule, say about 3 billion base pairs 

for humans, the overall stability turns out to be astronomical. This has also 

extraordinary functional implications. Our enzymes are able to fully replicate the 

molecule without the need of tearing apart the helix, which would be the only way 

if the two strands were covalently linked: they just need to “unzip” a region of only 

about 11 base pairs, creating what goes under the name of transcription bubble, 

which is able to move along one filament replicating it one base at a time. 

Cooperativity is an intriguing and debated phenomenon: simple additive models are 

not always adequate, since synergistic or anti-synergistic phenomena may come in 

play. Normally we speak about positive cooperativity when the overall stability of a 

complex is higher than the sum of the single interactions that contribute to the 
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binding of the host; the reverse situation, instead, is termed negative cooperativity. 

Both situations occur, the well-known chelate effect being a prime example of the 

positive behaviour, while secondary interactions in complexes held together by 

multiple hydrogen bonds provide examples for both cases. 

Now, setting aside the issue of cooperativity, which of course should be held present 

when coming to the design of receptors and somewhat falls under the 

preorganization and complementarity principles, the nature and properties of each 

intermolecular force will be sketched out separately.  

The ordering of such a list will follow the criterion of directionality: nondirectional 

forces tend to be always at work and can be of utmost importance, often sealing the 

fate of complexes in terms of stability; directional ones, anyhow, are those on which 

rests most of chemists’ attention, since, by controlling their nature and topological 

arrangement, they offer the chance to obtain the desired selectivity. 

1.3.3.1 Nondirectional Supramolecular Forces 

1.3.3.1.1 Ion-Ion 

Interactions of ions of opposite sign is among the strongest possible intermolecular 

forces.  

As prescribed by the universally accepted Coulomb’s law, the spatial dependency of 

the force is just 𝐹 ∝  
1

𝑟2
 , with r being the distance between the interacting partners: 

as such, Coulomb’s force is perfectly isotropic, fact that is thoroughly mirrored in 

the uniform lattices of simple salts (e.g. NaCl). 

Due to their strength ion-ion interactions are not easily overlooked, since they are 

susceptible to provide an important contribution to the overall stability of a 

complex. Selectivity can be achieved by organising ions in the framework of a cavity, 

bringing about both preorganization and a certain degree of size/shape recognition. 

Receptors based on this concept do exist, but they have their own set of problems: 

first, ions of the same charge repel each other persistently, as such, they are not 

easily organized in a scaffold which holds them close. In second instance, there is 

the problem of counterions and their competition with the designated host. This 

problem is not easily circumvented: one either renounces to truly charged binding 

sites for dipolar ones, losing a big share of the overall binding energy (Table 1.3-1), 

or gets rid of the counterions with either synthetical efforts, i.e. making the receptor 

a zwitterionic system of zero net charge, or strategical cunning, i.e. designing a 

receptor specific for an ion-pair, simultaneously able to bind a cation and an anion, 
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which, although a solution of exquisite elegance, actively doubles the problem of 

selectivity (Figure 1.3-3). 

 

Figure 1.3-3. a) Macrocyclic receptor for anions with in-built positive charges [8]; b) dibenzo 18-

crown-6, a classic coordinating dipolar receptor for alkali metals cations [9]; c) a zero net charge 

zwitterionic receptor for anions [10]; d) a receptor for ion pairs [11]. 

 

 

 

 

 

a) b) 

d) c) 
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1.3.3.1.2 Van der Waals 

Van der Waals forces generally encompass Keesom (dipole-dipole), Debye (dipole-

induced dipole) and London (dispersion) forces, directionality and strength of these 

interactions decreasing in the specified order. As a consequence, Keesom forces 

occupy a special place among them, since they are both the most intense and 

directional. As discussed above (see 1.3.3.1.1 and Table 1.3-1) moving from ion-ion 

interaction to ion-dipole and lastly dipole-dipole means decreasing the interaction 

energy of two orders of magnitude, yet, since ion-ion is one of the strongest 

intermolecular forces, even if damped by the loss of real charge separation, Keesom 

forces end up offering a stabilizing contribution of the same order of magnitude of 

many other supramolecular interactions, thus their contribution should not be 

overlooked. 

Quite different is the situation for Debye and London forces. 

It is not that the contribution of these forces is negligible, in fact they are always 

present, attractive in nature and, on a basic level, proportional to the extent of 

surface that host and guest have in contact. The problem is that they overall provide 

a constant and modest contribution to stability which is totally unspecific, which 

cannot be object of further enhancing or by itself provide selectivity of any kind, at 

least in solution. 

In the solid state, the situation is partially different, packing forces and close contact 

between molecules magnifying their overall effect, and at times can be used 

successfully in crystal engineering. 
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1.3.3.1.3 Solvent Effect [12] 

Although not properly ascribable to the number of supramolecular forces, solvation 

is a crucial phenomenon for all solution equilibria. 

At times, chemists tend to bury its importance in subscripts, for example, when 

taking into account a complexation equilibrium involving a substrate (S) and its 

receptor (R) in a given solvent (solv) we could write: 

𝑆𝑠𝑜𝑙𝑣 + 𝑅𝑠𝑜𝑙𝑣  ⇄ 𝑅𝑆𝑠𝑜𝑙𝑣  with  𝐾𝑒𝑞 =
[𝑅𝑆]𝑠𝑜𝑙𝑣

[𝑆]𝑠𝑜𝑙𝑣 [𝑅]𝑠𝑜𝑙𝑣
 , 

assuming unitary activity coefficients and reference states. 

This is fine as long as we are not concerned with a microscopic description of the 

complexation process, or if we do not care about the effect that the choice of a 

different working solvent would have on the association of the same two partners. 

To remark the centrality of the issue, one of the key concepts of molecular 

recognition, i.e. preorganization (1.3.2), aims partially at reducing the solvation of 

the host to favour the overall host-guest association process. This, however, does 

not exhaust the matter. 

Traditionally, when presenting solvent effects, the difference between entropic and 

enthalpic contributions is stressed: this view is proposed below, on the premise that, 

in real equilibria, both energetic parts may play a significant role at the same time, 

cooperatively or one against the other. 

One of the possible formal ways to explicitly account for the effect of the solvent in 

a simple association process is constructing an Hess cycle like the one presented in 

Figure 1.3-4, eventually allowing a quantitative discussion on the relevant energetic 

parameters.  

Figure 1.3-4. One of the possible thermodynamic cycles to specifically account for the energetic 

contributions of the solvent in a generic association equilibrium. Subscript g for “gas phase”. 
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Figure 1.3-5. Depiction of host-guest association in a generic non-structured solvent [12]. 

A more pictorial view, suitable for a qualitative understanding, is presented in Figure 

1.3-5. It is evident that the binding of a guest to a highly preorganized host involves 

partial desolvation of the two partners and the consequent release of a certain 

number of solvent molecules, previously solvating the substrate or the receptor, 

back into the bulk of the solvent. This transition of several solvent molecules, from 

a bound to a bulk state, is accompanied by an increase of their degrees of freedom, 

i.e. there is an entropic effect due to solvent molecules which promotes the 

association of the two partners. 

There is, however, also an enthalpic contribution due to the solvent, especially in 

strongly interacting solvents like water: a more detailed picture is proposed Figure 

1.3-6. 

Figure 1.3-6. Depiction of host-guest association in a structured water-like solvent [12]. 

Surely, upon complexation, there is an enthalpic cost due to the partial desolvation 

of the host and guest, requiring the breaking solvent-solute interactions, but there 

is also an enthalpic gain due to the newly formed solute-solute interactions, not to 

mention that the solvent-host and solvent-guest interactions are not necessarily as 

intense as those between the solvent and the host-guest complex (e.g. the 
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association of two charged species to give a neutral complex in water, the binding 

of an apolar guest into the cavity of a cyclodextrin or a calixarene in water). The 

overall enthalpic gain or loss resulting from the sum of the single contributions is 

the so-called enthalpic solvent effect. 

Even from a qualitative description, one can already understand how the effect of 

the solvent can hinder or promote the association of two species in solution, at time 

becoming the prime driving force of the process. 

“Similia similibus solvuntur” still applies here, matching or mismatching the polarity 

of solvent and solutes has a deep impact, and hydrophobicity/hydrophilicity may 

help rationalize and predict the outcome of the experiments. This view grew so 

important that many refer to the matter as hydrophobic effect, namely the 

observed tendency of non-polar solute to aggregate in water, which is but a 

particular case of solvent effect. Nevertheless, it is worth mentioning here that a 

specific instrumental and theoretical analysis of the hydrophobic effect (falling out 

of our general solvent effect overview), involving a clathrate-like first solvation shell 

depiction (also suggested in Figure 1.3-6) with, among other things, a proper 

evaluation of residence time and hydrogen bond strength of solvating and bulk 

water molecules, propend for a chiefly entropic explanation of the phenomenon. 
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1.3.3.2 Directional Supramolecular Forces 

1.3.3.2.1 Coordination Bonds 

Coordination bonds are very well-known interactions which have been exploited for 

the construction of some of the most impressive supramolecular scaffolds and 

machinery. 

This, however, can be a difficult topic, as important distinctions should be made. 

Since the natural boundary between traditional and supramolecular chemistry lies 

in the covalency of the interactions, separating distinct molecular entities from 

intermolecular assemblies, clarifying the nature of coordination bonds is crucial to 

understand when and why supramolecular considerations may apply. 

Coordination bonds are not “co-valent” in the etymological strict sense of “joint 

valency”, intended as sharing of a pair of electrons, one for each atom involved in 

the bond, yet the orbitalic interaction involved in allotting an electron pair of the 

base into shared molecular orbitals of the acid-base complex is fully covalent in a 

chemical sense. In this regard, it is not a case that interaction energies for 

coordination bonds can be of the same order of magnitude as typical covalent 

bonds. 

So, what does supramolecular chemistry has to do with a molecular-like interaction? 

Two are the main answers to this question, as coordination bonds can assume both 

a structural or functional role, and, at times, both. 

Structural function is traditionally the domain of cations since Alfred Werner’s 

pioneering work. If the structure of simple molecules can easily be predicted on the 

basis of a general electrostatic model (cf. early Valence Bond and VSEPR theory), 

metal complexes demonstrated a marked preference for certain geometries over 

others, at times even disregarding those simple considerations, with curious 

recurrence and similarities depending on their position in the periodic table and 

oxidation state. 

Eventually, such features did not go long unnoticed, and a robust theory, featuring 

orbital-detailed description for the central metal cation while still using an 

electrostatic depiction for its ligands, was developed: Crystal Field theory (1930s) 

allowed the correct prediction of several properties, among which geometry, of 

metal complexes. 

The final up-to-date model, which goes under the name of Ligand Field theory 

(1950s) is but a rearrangement of crystal field theory to overcome the limitation of 
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the plain electrostatic depiction of ligands, at times simplistic at best: the use of an 

orbital description for all interacting partners allowed to achieve a detailed 

description of metal complexes in term of molecular orbitals, favouring the 

computational evaluation of the properties of interest. 

Using metal cations as pinpoints to organize molecular subunits in the desired 

manner, brought to the development of both discrete and continuous structures 

(see Figure 1.3-7) 

Figure 1.3-7. Examples of the structural control and variety offered by the use of metal cations as 

organizing elements: a), b), examples of discrete 3D hollow molecules obtained through the molecular 

panelling approach [13]; c), d) and e) examples of Metal organic frameworks and their detailed 

features from the overall lattice up to the stereochemistry of the single metal centre [14] [15]. 

As one can easily see, both 3D lattices and single molecules thus obtained, may 

present cavities in which other species can be hosted, both for storage and 

catalytical purposes, as confinement in a nanoscale interacting environment may 

promote reactivity: these system, even devoid of this last functional note, although 

they should be regarded as wholly molecular objects, are perceived as 

supramolecular systems, since the emphasis is often laid upon their interactions 

with smaller molecular species. 

The functional role of coordination bonds is often more tied to their stability, which, 

again, a long series of theories and well-described effects allows to predict (cf. 

Pearson’s Hard Soft Acid Base theory, Irwing-Williams’ series, chelate effect, 

macrocyclic effect, macrobicyclic effect, et cetera).  
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Reversible coordination bonds are extremely important for several different 

applications. 

Cleavable bonds allow, for example, the use of metal cations in template synthesis 

(Figure 1.3-8), temporarily organizing reacting ligands around themselves in such a 

way to ensure the formation of selected covalent bonds: many mechanically 

interlocked molecules, i.e. supramolecular structures, can be obtained after 

removal of the templating ion. 

A selection of reversible and irreversible coordination bonds is also used to produce 

highly structured self-assembled systems, like Fujita’s cages shown in Figure 1.3-7: 

bonds which are irreversible under reaction conditions are used to drive the system 

towards the geometry imposed by metal centres, while reversible ones allow the 

system to correct eventual “mistakes” in the bond pattern, so that, at the end of the 

process, only the most stable structures survive. 

Due to the important conformational change that a ligand can undergo upon metal 

coordination, again a consequence of the high directional character of these 

interactions, functional applications in molecular machinery and devices have been 

devised. 

Lastly, the functional role of coordination bonds is not limited to the discussed 

cases: as a directional force upon which we have full control, simply coupling a 

selective receptor with a molecular moiety possessing any measurable property 

able to vary upon coordination, means transforming it into a sensor. 

As host-guest chemistry, self-assembly, molecular machines, molecular recognition 

and so on, are rightful parts of the edifice of supramolecular chemistry: the inclusion 

of coordination bonds into the number of supramolecular forces could not be 

omitted. 

Figure 1.3-8. From Jean-Pierre Sauvage Nobel-winning synthesis of the trefoil knot (top) up to the 

highest complexity reached for what concerns interlocked systems [16]. 
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1.3.3.2.2 Hydrogen Bond [17] 

The peculiar features of hydrogen bonding made it recognized as the “masterkey 

interaction in supramolecular chemistry”. [4] 

Hydrogen bond can be defined as the D-H…A interaction occurring between a 

sufficiently electronegative donor (D), i.e. able to withdraw electrons and polarize 

the bonded hydrogen atom H, and an acceptor (A) possessing lone pairs or 

polarizable π electrons. Such a definition encompasses all manners of hydrogen 

bond interaction, from strong covalent-like interactions (e.g. in HF2
-) up to the limit 

of quasi van der Waals interactions. From a structural point of view, a widely 

accepted criterion for assessing whether two atoms are hydrogen bonded is 

measuring the observed D…A distance and compare it to the sum of van der Waals 

radii of D and A: whenever they are found closer there is a strong indication for 

hydrogen bonding, nevertheless hydrogen bond on the lower end in terms of 

interaction energies may not be correctly detected by this method. 

The main reasons behind the incredible success of hydrogen bonding in synthetic 

receptors, not to mention living systems, is tied to three main factors: directionality, 

cooperativity and tuneable properties, first of all its thermodynamic stability (cf. 

Table 1.3-1), which depends on the chosen donor-acceptor pair. 

Directionality in hydrogen bonding is a property chiefly inherited by the partially 

covalent character of the interaction, and if it is true that the strongest hydrogen 

bonds tend to be linear or almost linear, there is, for moderate hydrogen bonds, the 

tendency to align according to the geometric arrangement of the interacting lone 

pairs of the acceptor. The most commonly encountered geometries are reported in 

Figure 1.3-9. 

 

Figure 1.3-9. Primary hydrogen bonding geometries: a) linear; b) bent; c) bifurcate; d) chelating; e) 

trifurcated; f) three centre bifurcated [2]. 



22 

Cooperativity, although a commonplace for supramolecular forces, is corroborated 

in hydrogen bonded systems by the so-called secondary hydrogen bond interactions 

(where the primary interactions are but the direct hydrogen bonds between the 

donor and the acceptor). Secondary interactions arise whenever different 

neighbouring groups on the same molecular moiety are engaged in hydrogen bonds: 

as schematized in Figure 1.3-10 for a simple case, depending on the arrangement of 

donor and acceptor binding sites we can obtain either an extra thermodynamic 

stability or disfavour the binding process. 

Figure 1.3-10. Secondary interactions providing attractions between neighbouring groups between 
DDD and AAA arrays (primary interactions in green) and (b) repulsions from mixed donor/acceptor 

arrays (ADA and DAD) [2]. 

Concerning the intrinsic dependence of the hydrogen bond strength on the chosen 

donor-acceptor pair, beyond the structural remarks exposed above, one should 

keep in mind that hydrogen bond formation can be seen as a (partial) proton 

transfer phenomenon. In this framework, Brønsted-Lowry acid-base character of 

the involved species comes into play: experimental and computational results 

confirmed that the stability of hydrogen bonds increases as the proton affinities of 

donor and acceptor become more and more matching, i.e. when the difference 

between their protonation constants (or pKa), ΔpKa gets closer to zero, viz. the more 

the proton is equally shared between the interacting partners. [17] Extension of 

these results provide useful guidelines, suggesting, for example, that anions which 

are the conjugate bases of weak acids will be able to engage in stronger hydrogen 

bonds than those that are conjugate bases of strong acids. 

Altogether, the fact that hydrogen bond ranks among the most stabilizing 

supramolecular interactions, joined to its directional, cooperative and selective 

character, effectively made it the first-choice intermolecular force for anions 

receptors and, more in general, for directing and controlling the assembly of the 

more diverse supramolecular ensembles. 
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1.3.3.2.3 π-π Stacking 

π-π stacking interactions, as the name suggests, regard attractive forces between π-

surfaces. According to PBARME7 rule, apparently one of the pillars of chemistry, the 

highly prototypical benzene molecule, and its dimer, are the most convenient choice 

to discuss the nature of these interactions. 

The quadrupolar moment of benzene, a representation of its electrostatic surface 

potential is presented below in Figure 1.3-11, allows for a point charge 

schematization and the individuation of three idealized geometries for the benzene 

dimer: the face to face, the parallel displaced and the edge to face orientation 

(Figure 1.3-12). Their stability varies predictably, as depicted in Figure 1.3-12, 

accounting for the partially directional character of this interaction, edge to face and 

parallel displaced resulting the most favourable orientations, with the former 

slightly favoured of a few kJ/mol. 

Figure 1.3-11. Electrostatic surface potential of benzene. Red: negative ESP; Blue: positive ESP. 

Embracing a more general view, π-π stacking can be thought of as a combination of 

coulombic and van der Waals interactions: the first, heavily influenced by the charge 

distribution of the interacting partners, justifies the strong interactions observed 

between aromatic molecules of different polarities up to the limit of charge transfer 

complexes, while the second, roughly proportional to the extent of the contact 

surface, accounts for the behaviour of large, polycyclic aromatic systems. The 

characteristic piling up of aromatic molecules observed in molecular crystals 

explains the choice of “stacking” as comprehensive name for this kind of 

interactions. 

 

 

                                                           
7 Pick Benzene As Reference Molecule, Ever! 
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Figure 1.3-12. Three limit geometries for the benzene dimer: a) face to face, b) parallel displaced, c) 

edge to face. d) Schematization of the interactions between benzene molecules and their dependence 

on mutual orientation (angle = angle between the planes of the two rings, offset= linear displacement 

between ring centres) [7]. 

 

1.3.3.2.4 Cation-π Interaction 

The interactions of several transitions metals with olefinic and aromatic compounds 

have long been reported in the literature (e.g. ferrocene, Zeise’s salt, et cetera), yet 

their usual colourful nature warned the chemists about the covalent nature of the 

interaction which is but a form of coordination bond (cf. 1.3.3.2.1). 

What we refer to with the term cation-π interaction nowadays is a much more non-

covalent interaction arising between usually hard cationic species (i.e. alkaline or 

alkaline-earth metal cations) and the quadrupole moment of arenes8, dominated by 

the electrostatic attraction between the differently charged surfaces (cf. benzene’s 

electronic surface potential, Figure 1.3-11) with very scarce orbitalic contribution. 

This kind of interaction is directional, the preferential orientation being the cation 

sitting right on top of the central negative charge density of the arene. 

 

                                                           
8 Think “benzene”, PBARME rule. 
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1.3.3.2.5 Anion-π Interaction 

Anion-π interaction is the younger sister of its cationic counterpart. Dismissed by 

many at the beginning, as the arising of an attractive interaction between a 

negatively charged species and the negative quadrupole moment of an arene 

appeared unlikely, is now among the most recently recognized supramolecular 

forces. 

This kind of interaction can be broken down into two main contributions, an 

electrostatic term, arising from the interaction of the anion with the quadrupole 

moment of the arene, and an inductive one, arising from the interaction of the anion 

with the anion-induced ring dipole, although other contributions may play a role in 

specific cases (e.g. the arene induced polarization of the anion with very soft anionic 

species). 

Even in the case of benzene, where the electrostatic interaction is definitely 

repulsive, the always attractive inductive contribution, reinforced by anions’ soft 

character (1.4.1.1), can provide a sort of compensation (e.g. in the case of chloride-

benzene interaction the two terms almost cancel out). Thus, making the inductive 

contribution prevail is a possible route to obtain stabilizing anion-π interactions: 

generally speaking, this approach involves the use of highly delocalized condensed 

polycyclic system, which can be easily polarized by the neighbouring charge of the 

interacting anion. This can be a good idea even for the binding of large delocalized 

anionic species, even if they are not at all polarizing, since van der Waals and 

solvophobic effects may furnish an important contribution. 

Nevertheless, strong and stabilizing anion-π interactions are generally achieved 

working on the electrostatic term, making it attractive instead of repulsive via what 

can be thought of as an umpolung approach, aiming to invert the sign of the 

electrostatic potential above the arene centre from negative (cf. benzene, Figure 

1.3-11) to positive values. The inversion of polarity can be achieved according to two 

symmetrical strategies, or with a combination of both, i.e. withdrawing electronic 

density from the centre of the arene towards its periphery or squeezing more 

positive charge towards the arene centre. 

The first methodology is straightforward: the more EWG groups are appended to 

the arene, the more electron-deficient it will become, up to the point of switching 

the sign of the vertical component of its quadrupole moment. 
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The prototypical example is provided by hexafluorobenzene, whose electrostatic 

surface potential is reported below in comparison to that of the benzene molecule 

(Figure 1.3-13). 

Figure 1.3-13. Electrostatic surface potential of benzene (left) and of its hexafluoro derivative (right). 

Scale: -60 kcal mol-1 (red), +50 kcal mol-1 (blue) [6]. 

The other possibility seems a little less obvious, as squeezing positive charge 

towards the centre of the arene appears a mysterious process. Indeed, this is what 

happens in substituted systems, with the family of azines as the most classic 

example. 

Figure 1.3-14. a) electrostatic surface potential of benzene and its five azo-derivatives; b) fictitious 

electrostatic surface potential obtained replacing only the π electron density of benzine with that of 

the corresponding azine; c) comparison of the proximity of nuclear charges to an anion above the 

centres of benzene and s-triazine [18]. 
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Figure 1.3-14, reproduced in toto from [18], show the progressive shift from 

negative to positive potential achievable by gradually introducing heteroatoms in 

the benzene framework. It should be stressed, as aza-type nitrogen atoms are 

generally depicted as EWG groups, that the effect on the overall electrostatic 

potential is not due to π-electron deficiency, as brilliantly illustrated in part b of 

Figure 1.3-14, but rather to the change in nuclear charge distribution, part c of said 

figure: i.e. azines do not interact favourably with anions due to their π-acidic 

character, the effect of the aza-type nitrogen on anion-π interactions being primarily 

replacing a carbon nucleus of charge +6 and its attached hydrogen atom, with a +7 

charged nitrogen nucleus, which indeed results in an inversion of the polarization of 

the arene (cf. [18] for further in depth discussion). 

As a matter of fact, directional and stabilizing anion-π interactions could be obtained 

by these umpolung approaches, resulting first in an increased appreciation by the 

scientific community, and finally in a proper recognition of their importance for 

synthetic receptors [19] and biological systems [20]. 
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1.4 CATIONS AND ANIONS 
This section aims to discuss the differences between cations and anions and put 

them in a coordination chemistry perspective. Anticipated and owed since 1.1, it is 

presented here, in due time, building on the concepts presented in 1.3. 

1.4.1 Effect of Charges of Opposite Sign 

1.4.1.1 Dimensions 

As clarified in the XXth century, on an atomic level positive charge is confined in the 

nucleus and it is invariant upon chemical transformation: observed charges of 

chemical species are due to transfer of negatively charged electrons and namely 

valence ones, occupying the very periphery of the atom, from one to another. As 

such, cations are species which have lost one or more valence electrons, while 

anions are species who have gained some. 

Even disregarding quantum chemistry and adopting a simple electrostatic model, it 

is evident that the charging process has an effect on the size of the atom: a neutral 

atom will shrink upon loss of an electron, due to the overall electron-electron 

repulsion decrease while the effective nuclear charge felt by valence electron is 

effectively increased; on the contrary, gaining an electron implies a dimensional 

increase with respect to the neutral atom. 

From a chemical standpoint, size does matter. Charge to radius ratio is commonly 

used as an estimation for the strength of the electrostatic interactions to which an 

ion can be amenable, the more charge dense the ion is, the stronger its interactions; 

another valid take on the subject is stating that, since the electrostatic potential 

generated by a point charge is proportional to the ratio between its charge and the 

distance from it, if an ion is described as a hard sphere with a proper radius and a 

point charge in its centre, the charge to radius ratio is just a measurement in disguise 

of the electrostatic potential at the ion’s surface. 

The numbers, as can be seen in Table 1.4-1, can vary pretty dramatically with 

charge: finding a cation as big as fluoride, the smallest of halide anions, means going 

down two periods in the periodic table, up to the potassium ion, not to mention that 

the same element, with opposite charge, can vary its radius size of more than 50% 

(cf. the sodium ion with its exotic anionic counterpart). 
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Table 1.4-1. Properties of some common anions and cations [2]. 

Ion Radius (Å) ΔGhydration (kJ mol-1) 

F- (6 coord.) 1.33 -465 

Cl- (6 coord.) 1.81 -340 

Br- (6 coord.) 1.96 -315 

I- (6 coord.) 2.20 -275 

ClO4
- 2.50 -430 

NO3
- 1.79 -300 

CO3
2- 1.78 -1315 

SO4
2- 2.30 -1080 

PO4
3- 2.38 -2765 

H2PO4
- 2.00 -465 

PdCl6
2- 3.19 -695 

Na- 2.2 n/a 

Cs- 3.5 n/a 

Li+ (6 coord.) 0.76 -475 

Na+ (6 coord.) 1.02 -365 

K+ (6 coord.) 1.38 -295 

Cs+ (6 coord.) 1.67 -250 

Ca2+ (6 coord.) 1.00 -505 

Zn2+ (6 coord.) 0.74 -1955 

Al3+ (6 coord.) 0.54 -4525 

 

Overall this has two main consequences: first, hosts for anions should present 

cavities or binding sites considerably bigger than those for cations; in second 

instance, valency being equal, cations will give rise to stronger and harder (from a 

Pearson’s HSAB point of view) electrostatic interactions, while anions will behave as 

softer species, favouring van der Waals type interactions. 
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1.4.1.2 Ion Hydration 

Ion solvation is a fundamental topic subtended to the whole of coordination 

chemistry.  

Although deserving to be explored in all its nuances, for the sake of briefness and 

clarity, since water is almost the only solvent used in this work and, most of all, in 

view of the special role water fulfils in biological systems and on a planetary scale, 

the following discussion will be limited to hydration. 

Some of the key structural and electronic properties of water are depicted below in 

Figure 1.4-1. 

Figure 1.4-1. Structural and electronic properties of water: a) simple spacefill model; b) electrostatic 

surface potential; c) electron density distribution; d) ideal tetrahedral structure of water-water 

hydrogen bonding pattern; e) depiction of the HOMO; d) depiction of the LUMO. 

The dipolar nature of the molecule, the higher negative charge concentrated on the 

oxygen atom, perfectly aligned with the dipole moment, together with the 

pronounced amenability of cations to form strong electrostatic interactions, tricked 

many to believe that cations possess a higher hydration free energy than anions: 

unluckily nothing could be more wrong. Anions are found to be, for a given charge 

to radius ratio, much strongly hydrated than cations (cf. Table 1.4-1). 

Models and theories have been advanced to support the experimental data, with 

various fortune among the scientific community. 
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A key point regards the asymmetry of the charge distribution within the water 

molecule itself: positive charge is located on the H termini, which possess a much 

smaller radius than the oxygen atom (in absolute terms, van der Waals radii being 

about 1.0 and 1.7 Å for H and O respectively, plus the difference is surely enhanced 

in the molecule for the partial charging process, see 1.4.1.1). As such, positive 

charge ends up occupying a much more superficial area of the molecule, allowing 

more intimate contacts with negatively charged ions, while the negative charge on 

the oxygen atom, being buried much deeper in the molecular structure, sees a 

higher reduction in the electrostatic potential felt by nearby positive ions. 

Other justifications, especially when there is a partial charge transfer from or to the 

water molecule, invoke electronegativity and orbital considerations: whichever the 

tool we use to picture the situation, oxygen is less prone to cede its electrons and 

the HOMO symmetry disfavours orbital interactions aligned with the electric dipole 

of the molecule; on the contrary, H seems more prone to covalent interactions, both 

in terms of electronegativity and symmetry of the LUMO orbital.  

More complex descriptions are possible, partially overlapping with the discussion 

on the chaotropic or kosmotropic nature of ions and on their overall impact on local 

water structure: on a microscopical level competition arises between purely 

electrostatic ion-water interaction and the hydrogen bond network existing among 

water molecules. Small monovalent cations tend to favour the orientation of water 

molecules according to their dipolar moment, deviating significantly from the 

classical tetrahedral hydrogen bond network, while larger ones have a lesser 

tendency to do so; the reverse is true for anions, with small ones (e.g. fluoride) 

strongly promoting hydrogen bonding. This paragraph does not mean to address 

the problem properly, which is complex and highly debated, but to stress how pen-

and-paper approaches looking at the single interaction of one water molecule with 

an ion are bound to fall short in describing a complex phenomenon like ion 

hydration. 

Whichever the explanation we decide to adopt, all other things being equal (charge, 

radius, polarizability, et cetera), anions do interact more strongly with water than 

cations. 

If we look at a complexation reaction in aqueous solution as a competition for the 

guest between the receptor and the solvent, moreover with the former often 

present in abysmally small concentration compared to the latter, the strength of 

guest-solvent interactions clearly influences the equilibrium (cf. 1.3.3.1.3): this 

means that, ceteris paribus, water will actively compete stronger for anions than for 

cations, resulting in an intrinsic reduction of the stability of anionic complexes. 
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Just to provide a quantitative data, which will need to be further discussed in the 

following since ion hydration alone cannot justify it, for the complexes of a 

monovalent anion in water (with 1 M as reference state) we may expect stability 

constants as high as 102-103, while for a monovalent cation values in the range of 

105-106 (a thousandfold increase!) are still possible. 

1.4.2 Basicity 

From an acid-base point of view, cations are in general Lewis acids, while anions are 

Lewis bases, yet the situation is not as symmetrical as it may appear. 

Metal cations are coordinatively unsaturated and tend to be strongly acidic, prone 

of accepting electronic doublets and forming coordination compounds, whose 

stability, depending on the extent of the orbital contribution to the interaction, can 

span from typical values for intermolecular adducts up to matching the strength of 

covalent bonds (cf. 1.3.3.2.1). 

The contrary is not necessarily true: anions are generally coordinatively saturated 

and, although some of them really possess a marked Lewis basic character (e.g. 

cyanide), many others have extremely weak coordinating properties, so much that 

they fall into the so called “innocent anions” commonly used as inert electrolytes 

during experimental measurements (e.g. nitrate, perchlorate, chloride, et cetera).9 

This means that many anions will interact only through weak forces, being at best 

suitable as hydrogen bond acceptors. 

Now we can fully understand why several orders of magnitude separate the stability 

of cationic complexes from that of anionic ones: the basic interactions subtending 

the formation of the former, i.e. coordination bonds, being 2-3 orders of magnitude 

more intense in terms of bond energies than the properly supramolecular forces (cf. 

Table 1.3-1). 

Another direct consequence of this concerns the design of the receptors. 

Coordination bonds are often highly directional, especially for transition metal 

cations, and the expected geometry of a given metal complex can be exactly 

predicted according to ligand field theory (cf. 1.3.3.2.1), providing a precious guide 

for organizing a cavity with the exact number of binding sites arranged in the 

required manner. The situation of anions is different due to the reduced 

directionality of several supramolecular forces and, as discussed below in 1.4.3, also 

in consideration of their geometry. 

                                                           
9 Not to mention anions like BH4

- or AlH4
-, among others, which are not basic in a Lewis sense, 

since they do not even possess electronic doublets to share. 
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1.4.3 Geometry 

Anions and cations do come in a wide variety of shapes and geometries, yet if we 

limit ourselves to the simplest and most relevant cases, i.e. the classic inorganic 

species, cations are basically all spherical (just pick any metal on the periodic table 

and it will exist in solution in at least one ionic form, if not more), while anions really 

come in a plethora of spatial arrangements: spherical (e.g. halides), linear (e.g. CN-, 

N3
-), trigonal planar (e.g. NO3

-), tetrahedral (e.g. ClO4
-, SO4

2-), square planar (e.g. 

PtCl42-), octahedral (e.g. PF6
-) and more. 

These structural variety implies an even higher number of possibilities concerning 

the coordination geometries: if cations (as discussed in 1.4.2) form complexes of 

definite geometries due to the orbital interactions with the ligands, for anions the 

situation is more blurred; synthetic receptors based on hydrogen bonding may form 

from 2 up to 6 hydrogen bonds with the simple halide anions, yet, for polyatomic 

species, up to three different interactions per terminal atom can be observed. 

Overall, the consequence of the increased structural complexity is making 

complementarity of size, shape and binding sites harder to achieve for anions than 

for cations, requiring significant synthetic efforts in designing a cavity with a higher 

number of binding sites and geometric features. 

1.4.4 pH Dependence 

Ion coordination in solution requires the actual presence in solution of the ion: this 

may seem a trivial point, yet it turns out to be intriguingly important. 

Many metal cations do hydrolyse in “alkaline media”,10 but this is not much of a 

problem, since the high thermodynamic stability of their complexes tends to favour 

the complexation to the receptor even under acidic conditions, thus sequestering 

the cation before the formation of its hydroxo species may hinder the host-guest 

recognition. 

Anions do not find themselves in an equally convenient spot for two main reasons. 

The first is their basicity: sufficiently basic anions will undergo protonation in acidic 

media, meaning that they will lose their negative charge and cease to be anions at 

all. In a sense, this is the equivalent of cation hydrolysis. However, the 

thermodynamic stability of anionic complexes is often not even comparable to that 

of cations (see 1.4.1.1 and 1.4.2), hydrogen bonding, or better salt-bridge formation, 

                                                           
10 Here “alkaline media” should be understood cum grano salis, as for some metal cations 
hydroxo complex formation and precipitation may already happen in very acidic conditions 
(cf. Fe3+, Al3+, Zr4+, et cetera). As a rule of thumb, the higher the charge density of the cation 
the greater its tendency to form hydroxo species even under acidic conditions. 
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being the strongest possible interaction they may resort to. Hydrogen bonding to 

protonable receptors poses another restriction in the useful pH range for anion 

coordination: if the pH is too high and the host is not protonated it will not be able 

to work as a hydrogen bond donor, impeding the guest recognition and 

coordination. 

Overall, this create a useful pH window for anion coordination, whose width 

depends intrinsically from the interacting partners: too acidic conditions will cause 

anion protonation and loss of its negative charge, too alkaline environment and the 

receptor, not protonated, will lose both positive charge and hydrogen bond donor 

behaviour. 

1.4.5 Closing Remarks 

Not a single instance of those listed above favours anions over cations coordination. 

It is worth mentioning, however, that many of the downsides for anions are double 

edged swords, surely creating difficulties which do not have the parallels for cations, 

but also adding depth to the research field and possibilities for what concerns the 

design of selective receptors, which, thanks to chemists untiring efforts, are not as 

unattainable and far from reality as they may seem.  
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2 EXPERIMENTAL 

2.1 CHEMICO-PHYSICAL TECHNIQUES 

2.1.1 Potentiometry 

2.1.1.1 Experimental 

Potentiometric titrations were performed with an automated system constituted by 

the following parts: 

• Metrohm 713 pH-meter potentiometer; 

• Metrohm 665 Dosimat automatic burette; 

• Metrohm 728 Stirrer magnetic stirrer; 

• Metrohm 6.1414.010 30 cm3 thermostatic cell; 

• Julabo F12 thermocryostat; 

• Metrohm 6.0262.100 combination pH electrode; 

• Personal computer. 

All the solutions employed for potentiometric titrations were prepared from 
distilled water, further purified with a Millipore system to remove residual ionic 
species and organic contaminants, deaerated through ebullition and cooled under 
inert atmosphere to ensure the removal of dissolved CO2. 
Ionic medium, acid (HCl) and basic (NaOH, NMe4OH) solutions were prepared from 
commercial products of high purity. Their concentrations were proven according to 
standard analytical techniques whenever needed. All titrations were performed at 
298.1 ± 0.1 K, by thermostating independently the whole room and the 
measurement cell at said temperature. 
A constant flux of N2 was maintained over the studied solutions during titrations to 
avoid their carbonation. Before reaching the measurement cell, the gas was bubbled 
through two separate solutions: first through a concentrated NaOH solution, to 
ensure the complete absence of CO2, then through the same ionic medium used in 
the measurements, to avoid contamination from the strong base solution and pre-
saturate the gas in water vapour. 
All titrations were performed in 0.1 M NaCl or NMe4Cl solutions. 
Measurements and additions are automated and controlled via a PC interface. 
The program requires 7 parameters as an input, which may be regulated to define 
and adjust the process of data acquisition; namely, they are: 

1. Time to wait before starting the titration;  
2. Maximum number of readings; 
3. Time interval between two successive readings; 
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4. Time interval between the end of the addition and the beginning of the 
readings; 

5. Tolerance on standard deviation; 
6. Tolerance on drift; 
7. Volume of titrant initially added; 
8. Final volume of titrant to reach; 
9. Volume step for titrant injection. 

Given these values, the PC starts recording electromotive force (emf) values 
measured by the potentiometer according to the program’s routine outlined below. 
First the system remains idle for as long as specified (parameter 1), then the titration 
starts. 
With the exception of the very first point of a measurement, for which there is no 
need of titrant addition, the generic experimental point is collected as follows: if the 
current volume of added titrant plus the initial titrant volume (parameter 7) is below 
the set threshold (parameter 8), a fixed volume of titrant (parameter 9) is added to 
the cell. After the addition, the system waits for as long as specified (parameter 4) 
before beginning the readings. Once the readings start, single emf values are 
collected and memorised at regular time intervals (parameter 3) and visualized on 
the screen accompanied by an incremental number. As soon as a set of 10 readings 
is generated, the computer checks its standard deviation: if it results higher than the 
imposed limit (parameter 5) another emf reading is acquired and the test is 
repeated on the most recent set of 10 readings. The cycle ends either when a set 
satisfies the condition on standard deviation or when the maximum allowed 
number of readings (parameter 2) is reached. 
Whenever the requirement on standard deviation is satisfied, the test on the drift 
is performed: the difference between the first and last measurements of the set 
must be within the tolerance specified (parameter 6) to ensure that equilibrium was 
reached. Please note that the drift tolerance (parameter 6) is tied to the time 
interval between readings (parameter 3): setting parameter 6 to X and parameter 3 
to Y means that the difference between 2 readings separated by 10×Y time units 
should be below the threshold value X; this should be held in consideration when 
faced by kinetical problems. Again, if the set of readings fails the test another 
reading is performed (if allowed by parameter 2), the new set is evaluated for its 
standard deviation and eventually for its drift. 
Whenever a data set passes both tests the point is accepted, the values are 
memorized as strings composed of added titrant volume, mean value of emf, 
number of readings performed, standard deviation and drift; the system then 
proceeds with the next titrant addition. 
If obtaining a data point of the required quality is impossible within the maximum 
number of readings allowed, the string is recorded as it is at the end, with its 
parameters signalling that proper criteria were not fulfilled. 
Titration curves thus obtained were treated with the HYPERQUAD [21] program to 
determine equilibrium constants. 
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2.1.1.2 Determination of the Equilibrium Constants 

The determination of equilibrium constants in solution would in principle require 
the exact measurement of the concentration of each and every species involved in 
the studied equilibria. Although this would render trivial the ascertainment of the 
desired constants, such route is rarely frequented, as it proves impractical even for 
simple cases and almost impossible for complex systems with several simultaneous 
equilibria. 
The most common approach involves mathematically relating the concentration of 
a single component, the sought set of equilibrium constants and the initial 
concentration of all the species in solution: in this way, at least in principle, the 
global composition of the system and the stability constants can be derived by the 
exact measurement of the concentration of just one species.  
Said measurement can be performed by potentiometry, i.e. monitoring the 
potential difference existing between a reference electrode and a selective 
electrode for the species of interest, for which the relationship between 
concentration and potential difference is known.  
In the case of coordination chemistry, especially when hosts and guests can undergo 
protonation and/or deprotonation equilibria, the choice of a glass electrode, 
selective for the hydrogen ion H+, is very convenient. 
The measured potential difference and the concentration of H+ are related through 
Nernst equation: 

𝐸 = 𝐸0 +
𝑅𝑇

𝐹
ln (

𝑎
𝐻+
𝑖𝑛

 𝑎
𝐻+
𝑜𝑢𝑡) =  𝐸

0 + 0.0591 ∙ (𝑝𝐻𝑜𝑢𝑡 − 𝑝𝐻𝑖𝑛) = 𝐸0
′
+ 0,0591 𝑝𝐻𝑜𝑢𝑡  

where E is the measured potential difference, E0 is the standard cell potential, aH+ 
are the activities of hydrogen ion inside (in superscript) or outside (out superscript) 
the glass membrane. Definition of pH is implicitly used. 
The value of E0’, which factors in also the fixed pH of the solution inside the 
membrane, is required to assess the concentration of the hydrogen ion from an emf 
measurement: its accurate experimental determination is thus required right before 
performing any measurement. 
Calibration of the electrode in the chosen experimental conditions is performed by 
titrating an exactly known amount of strong acid with strong base and evaluating 
the equivalent point through Gran’s method, [22] which provides both the water 
ionic product (Kw) and E0’. 
Let us now consider a general case of simultaneous equilibria involving complex 
formation, e.g. the association between an anion An- and its ligand L to give 
protonated complexes of various stoichiometries according to the generic equation 
(charges omitted for clarity): 

𝑝𝐴 + 𝑞𝐿 + 𝑟𝐻 = 𝐴𝑝𝐿𝑞𝐻𝑟  

In this way, the range of possible complexes formed by any anion-ligand-proton 
system is unambiguously associated to a triad of coefficients {p; q; r}; for each of 
them it is possible to define a stability constant in the general form: 
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𝛽𝑝𝑞𝑟 =
[𝐴𝑝𝐿𝑞𝐻𝑟]

[𝐴]𝑝[𝐿]𝑞[𝐻]𝑟
 

Since both anion and ligand may be able to undergo protonation, also the generic 
protonation equilibria 

𝐴 + 𝑖𝐻 = 𝐻𝑖𝐴 
𝐿 + 𝑗𝐻 = 𝐻𝑗𝐿 

with their relative {i} and {j} indexed protonation constants (or, equivalently, {1; 0; 
i} and {0; 1; j}) 

𝛽𝑖  =  𝛽10𝑖 = 
[𝐴𝐻𝑖]

[𝐴][𝐻]𝑖
 

𝛽𝑗 = 𝛽01𝑗 = 
[𝐿𝐻𝑗]

[𝐿][𝐻]𝑗
 

will be taken into consideration. 
The total amount of the three associating species A, L and H can therefore be 
expressed as: 

𝑇𝐴 = [𝐴] + ∑𝑝

𝑝𝑞𝑟

[𝐴𝑝𝐿𝑞𝐻𝑟] +∑[𝐻𝑖𝐴]

𝑖

 

𝑇𝐿 = [𝐿] + ∑𝑞

𝑝𝑞𝑟

[𝐴𝑝𝐿𝑞𝐻𝑟] +∑[𝐻𝑗𝐿]

𝑗

 

 

𝑇𝐻 = [𝐻] + ∑𝑟

𝑝𝑞𝑟

[𝐴𝑝𝐿𝑞𝐻𝑟] +∑𝑖[𝐻𝑖𝐴]

𝑖

+∑𝑗[𝐻𝑗𝐿]

𝑗

− [𝑂𝐻] 

Now, by explicitly introducing in the equation the stability constants βpqr and the 
basicity constants β10i and β01j, we obtain the following system of equations: 

{
 
 
 

 
 
 𝑇𝐴 = [𝐴] + ∑𝑝 

𝑝𝑞𝑟

𝛽𝑝𝑞𝑟[𝐴]
𝑝[𝐿]𝑞[𝐻]𝑟 +∑𝛽10𝑖[𝐴][𝐻]

𝑖

𝑖

𝑇𝐿 = [𝐿] + ∑𝑞 

𝑝𝑞𝑟

𝛽𝑝𝑞𝑟[𝐴]
𝑝[𝐿]𝑞[𝐻]𝑟 +∑𝛽01𝑗[𝐿][𝐻]

𝑗

𝑗

𝑇𝐻 = [𝐻] + ∑𝑟 

𝑝𝑞𝑟

𝛽𝑝𝑞𝑟[𝐴]
𝑝[𝐿]𝑞[𝐻]𝑟 +∑𝑖𝛽10𝑖[𝐴][𝐻]

𝑖

𝑖

+∑𝑗𝛽01𝑗[𝐿][𝐻]
𝑗

𝑗

− [𝑂𝐻]

 

 
Please note that TA, TL and TH values are exactly known if the initial sample amounts 
and titrant additions (concentration and volume) are known. 
During the titration, the concentration of the hydrogen ion is assessed 
experimentally, thus obtaining the customary titration curve emf vs added volume 
of titrant. 
For each experimental point, the above system of equations can be written, giving 
rise to a problem of 3N equations and n+2N unknowns, where N is the number of 
experimental points and n that of the sought for equilibrium constants, the 2N 
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added unknowns being the equilibrium concentrations of A and L ([A], [L]) for each 
experimental point. 
Although, provided a sufficient number of experimental points is available, the 
problem might be straight away soluble, it is important to stress that this is not the 
general route followed experimentally: good practice demands for a preliminary 
study of the protonation of A alone and L alone (i.e. binary systems consisting only 
of the proton plus another species), providing much simpler equation systems to 
solve and largely remediating to the correlation between determined parameters 
often observed in trying to solve simultaneous equilibria in A-L-H ternary systems at 
once. 
For convenience reasons, we are not concerned with the analytical solution of the 
system, while, as often happens, iterative algorithms are preferred for a cost-
effective solution of the system of equations.  
The software HYPERQUAD [21] has been thoroughly used during this thesis project. 
This program essentially performs a non-linear least square refinement of the 
experimental data, using as an input the experimental data (titration curve (emf. vs 
added volume), E0’ value, titrant concentration, starting volume, initial amount of 
each species (TX)) plus the indication of a model ({p; q; r} strings defining the 
expected species and a starting value for the associated βpqr). 
The function to be minimized for solving for the equilibrium constants is: 

𝑈 =∑𝑤𝑖
𝑖

(𝐸𝑖
𝑐𝑎𝑙𝑐 − 𝐸𝑖

𝑒𝑥𝑝
)2 

where the summation index i runs over the experimental point, w are weighting 
coefficients (vide infra) and E the calculated (based on the provided model, subject 
to refinement) and experimental values of the emf. 
Weighting coefficient w, which account for the statistical relevance of each point, 
are inversely proportional to the quality parameter σ2, defined for each point i as: 

𝜎𝑖
2 = 𝜎𝑒

2 + (
𝑑𝐸𝑖
𝑑𝑉
)
2

∙ 𝜎𝑣
2 

  
where σe

2 and σv
2 are the variances of the emf reading of the instrument and of 

titrant addition, respectively, while the derivative is just the slope of the potential 
vs added volume curve: i.e. the higher the slope, the less robust the data towards 
volume addition errors, viz. experimental points collected at or nearby equivalence 
points will have lower impact than the more certain data originating from buffered 
regions. 
The program solves the matrix equation: 
𝑨𝑇𝑾𝑨𝒔 = 𝑨𝑇𝑾𝒆       
where W is the statistical weight matrix, A contains the partial derivatives of emf 
with respect to the refined parameters, AT is A’s transpose, e is the vector of 
residuals on potentials, i.e. (Ecalc-Eexp) and s the vector containing the deviations to 
be applied to the refined parameters. 
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The vector s, determined through U minimization, allows to move from the starting 
arbitrary trial values for the equilibrium constants to the final refined values: the 
best possible refinement with the available data points is obtained whenever a self-
consistent set of values is obtained. 
Two statistical parameters are provided by the program to guarantee the goodness 
of fit, the standard deviation σ and the χ2, beyond that, the software allows to 
visualize the (Ecalc-Eexp) residues for each data point. 
σ is calculated as: 

𝜎 = √
𝒆𝑇𝑾𝒆

(𝑁 − 𝑘)
 

with N number of experimental points and k number of refined parameters. 
Values of σ ≤ 3 are generally required to ensure proper quality of the data. High 
values of σ, when not ascribable to experimental problems (e.g. formation of 
precipitates during the titration), demand the insertion or removal of species from 
the initial trial model, as some equilibria may not have been individuated or an 
overparameterization of the data may have occurred. 
For individuating chemical species missing in the model but actually formed in the 
measurement cell, one can easily resort to the point by point (Ecalc-Eexp) plot, as 
characteristic patterns in the error distribution are easily spotted in the case of 
missing species. The problem of overparameterization is instead resolved following 
IUPAC’s guidelines, which commit to the well-known Occam’s razor: thus, whenever 
a system can be solved invoking a lesser number of equilibria while maintaining the 
same goodness of fit, the simplest possible solution should be held true; of course, 
finer statistical analyses on the available data or new experimental investigation can 
and should be performed in the most doubtful cases. 
χ2 test is run in a traditional fashion to assess whether or not there is a proven 
incidence of systematic errors in the treatment. To allow the use of a single 
methodology for all experiments, no matter the number of collected points or that 
of the refined parameters, data are equally divided in 8 classes according to their 
distribution around σ = 0 (i.e. no systematic errors exist in the treatment). As such a 
7 degrees of freedom test is always obtained, with 12.6 being the critical value for 
a 95% significant level indication of unbiased results. 
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2.1.2 Isothermal Titration Calorimetry 

Calorimetric measurements were performed with a TA instruments TAM III 
calorimeter using the same purity grade for starting materials and the same 
precautions to exclude CO2 from the media as reported in 2.1.1.1 for potentiometry.  
Isothermal Titration Calorimetry allows for the determination of both equilibrium 
constants and enthalpic components (ΔH0) of solution equilibria: the knowledge of 
both allows for the calculation of the entropic term (-TΔS0) through the well-known 
thermodynamic relations 

∆𝐺0 = −𝑅𝑇 ln𝐾𝑒𝑞 

∆𝐺0 = ∆𝐻0 − 𝑇∆𝑆0 
Such a dissection of the stability constants in its thermodynamic parameters, 
providing vital details for understanding complex formation events and assessing 
their driving force, is among the strongest points of the technique. 
The discussion on calorimetric determination of equilibrium constants, although 
engaging, is not pertinent to this thesis, where a potentiometric method was 
adopted: an accessible overview on the matter, with references for in depth 
discussion, is provided in [23]. 
In general, previous knowledge of the simultaneous equilibria occurring in a system 
from potentiometric data, allows for a much easier treatment of calorimetric data: 
in fact, provided initial concentrations, starting volume, titrant concentration, 
injection volume and the full set of equilibrium constants are given, the point-by-
point equilibrium composition of the system is univocally determined. 
This means that the overall observed release or adsorption of heat for each 
experimental point, ΔQk, no matter the complexity of the system, respond to the 
simple equation: 

∆𝑄𝑘 =∑𝑥𝑖 ∆𝐻𝑖
0

𝑖

 

where xi is the variation of the concentration of species i (negative if the species i is 
consumed) between the experimental points k and k-1 and ΔH0 the heat associated 
to the process. 
Be n the number of discrete equilibria and N the number of data points, the problem 
of determining the n unknowns becomes finding a set of n ΔH0 values which 
minimize the residuals between calculated and measured heats, i.e. again a least 
square refinement. 
The program HYPDELTAH, which by the way also allows for the simultaneous 
determination of the binding constants, has been used for the purpose: it belongs 
to the HYPERQUAD suite [21] (cf. 2.1.1.2) and, mutatis mutandis, performs 
qualitatively the same functions for calorimetric type data. 
Cycles of refinement are performed until the systems converges to a self-consistent 
set of ΔH0 values with proper quality parameters (cf. 2.1.1.2). 
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2.1.3 Nuclear Magnetic Resonance 

NMR data herein presented were recorded on a Bruker Avance III 400 MHz 
spectrometer. 
pH adjustments of the solution were carried out using DCl and NaOD and correlating 
pH and pD through the pH = pD – 0.4 equivalence. 

2.1.4 UV-Visible Spectroscopy 

UV-Vis spectra herein presented were recorded on a Jasco V-670 
spectrophotometer at 298 K. 
Solutions of appropriate concentration for analysis were obtained by dilution, in a 
weighted amount of CO2-free MilliQ water, of stock solutions of reagents prepared 
by direct weighting of the starting materials in said solvent. 
Titration were performed either by addition of known small volumes of titrant or, in 
the case of acid-base curves, by bubbling small amounts of HCl-saturated air or 
addition of solid NaOH directly in the quartz cuvette to avoid dilution effects as 
much as possible. 

2.1.5 XPS  

The XPS spectra have been obtained in a Kratos Axis Ultra DLD spectrometer. 
Monochromatic Al/Mg Kα radiation from twin anode in constant analyser energy 
mode with pass energy of 160 and 20 eV (for the survey and high-resolution spectra, 
respectively) was used. The C1s transition at 284.6 eV was used as a reference to 
obtain the heteroatoms binding energies. The accuracy of the binding energy (BE) 
values was ± 0.2 eV. 

2.2 SYNTHETIC PROCEDURES 
Synthetic approaches are described case-by-case in the dedicated paragraphs of the 
anion or cation coordination sections. The Reader is gladly addressed to 3.3 and 
4.2.1.1. 

2.3 CRYSTALLIZATION 
Preparation of single crystals suitable for X-ray diffraction analysis was performed 
in most cases by weighting appropriate quantities (5-10 mg) of ligand, dissolving 
them in an appropriate solvent, and adding a solution of the substrate, either 
containing an excess or a stoichiometric amount of it with respect to the ligand, 
depending on the cases. Water, ethanol or water-alcohol mixed systems were the 
most commonly used solvents in the framework of this thesis. 
The pH was adjusted case by case to favour the host-guest interaction on the basis 
of the potentiometric data. 
When dealing with cationic guest species, the metal cation was oftentimes provided 
in the form of its perchlorate salt, as the perchlorate counterion is known to favour 
the precipitation of solutes from polar environment like water. 
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At times, when dealing with extremely insoluble complexes, which upon mixing 
would give rise to instant precipitation of amorphous or polycrystalline samples not 
suitable for analysis, diffusional techniques were employed. The main one is 
diffusion of two, initially separated, host and guest solutions inside a carefully filled 
(i.e. without mixing) H-shaped sealed tube. 
Whenever needed, air-sensitive samples were handled and crystallized in a glove 
box under an inert (N2) atmosphere. 
For precise experimental detail concerning the preparation of each crystalline 
sample, the Reader is addressed to the corresponding publication, whose reference 
is promptly given in the text. The same goes for specifics concerning X-ray diffraction 
experiments and structure solving methods. 
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3 CATION COORDINATION CHEMISTRY 

3.1 RESEARCH OBJECTIVES 
Aim of the cation coordination chemistry part of the present thesis is developing a 

new methodology for the production of tailored heterogeneous catalysts. Arene-

spacer-function (Ar-S-F) (Figure 3.1-1) molecular systems, suitable for the task, were 

then devised and prepared. 

Figure 3.1-1. General scheme of Ar-S-F ligands, with our signature pyrimidine as the Ar subunit. 

Specific azamacrocycles (F) were designed to recognize and bind metal cations of 

choice providing, at the same time, enough thermodynamic stability and an 

activated position in the metal’s first coordination sphere, thus granting both 

resilience and reactivity to the final catalysts. Such molecular moieties, elongated 

with a spacer (S), were conjugated with a click process to a suitable anchoring group 

(Ar), capable of grafting them on graphitic surfaces by means of supramolecular 

interactions. As such, the three tectons [4], i.e. the ligand, the metal cation and the 

graphitic surface, are able to spontaneously self-assemble to produce the final 

catalyst, consisting in a continuous distribution of single-ion catalytic centres 

hanging from the graphitic surface in a brush-like fashion. Since the procedure 

aspires to stand as a general method of wide scope, i.e. not restricted to any 

reaction, the first target to demonstrate its effectiveness was designated, aiming 

high, as the Sonogashira cross-coupling. 

Before delving into the more technical “Result and Discussion” section (c.f. 3.4), it is 

useful to introduce some background knowledge about the developed themes, 

clarify the choices made and contextualize the research looking at the bigger 

picture. 
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3.2 CHOICES EXPLANATION 

3.2.1 Polyamines [24] 

Polyamines and azamacrocycles are among the most important and well-described 

metal chelating agents. Recognized early on as widely employed ligands in many 

different fundamental life processes, ranging from the transport function of Fe(III)-

porphyrin complex of the heme group up to the photosynthetic Mg(II)-chlorophyll 

complex, they became a hot topic starting from the 1960s, when the development 

of synthetic techniques allowed an in depth study of their coordinative properties, 

providing useful model systems for understanding and eventually mimicking the 

biological function of their natural complexes. 

A second blooming came in later times due to the advent of Supramolecular 

Chemistry, a simple change in pH allowing azamacrocycles to become precious hosts 

for anions, possessing a preorganized cationic cavity capable of strong cooperative 

interactions with the anionic guest through charge reinforced hydrogen bonds (salt 

bridges). 

Flexibility of use, by virtue of their pH-dependent speciation, together with the 

tunability offered by perfected synthetic strategies, which allowed the achievement 

of selective systems, ultimately made the fortune of this class of ligands.  

Concerning our purpose, we seek on one hand thermodynamic stability and kinetic 

inertness for our catalysts, i.e. we want them to be stable under reuse, with the 

metal cation firmly hold in place where it belongs, and a functional behaviour on the 

other, i.e. reactivity, else no catalytic effect could be possible. This is exactly the way 

Nature uses azamacrocycles, orienting and stabilizing metal ions, within the 

framework of metal enzymes, in an activated arrangement: favouring the desired 

reactivity while preserving the active metal centre, whose loss would deprive the 

enzyme of its functional behaviour. As such, no better candidates than this class of 

ligands could possibly be devised. 

This, together with our group’s long expertise in the field (the Reader is encouraged 

to doublecheck [24]), is what makes azamacrocycles, and polyamines in general, 

first choice molecular moieties for our study. 
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3.2.2 Carbon-based Materials 

Materials with extensive graphitic surfaces, like activated carbon, are already 

commonly employed in many industrial applications like purification of liquids or 

gases, extraction and, of course, in catalytical processes (e.g. the most classic Pt/C), 

mainly due to their specific surface area and the remarkable adsorption properties 

associated to it. 

Although our primary studies in the field involved activated carbon (AC) (cf. 3.2.5), 

we moved to carbon nanotubes (CNTs), essentially seeking a more homogeneous, 

negligibly functionalized, quasi-molecular substrate, whose surface area is basically 

wholly exposed. 

CNTs are allotropic forms of carbon that can be thought of as extremely elongated 

fullerenes: Euler’s polyhedron formula prescribes the presence of no more and no 

less than 12 pentagonal faces, yet does not limit the number of the hexagonal ones. 

As such, a carbon nanotube can be ideally obtained separating the two halves of a 

base fullerene of choice with an arbitrary number of fused cycloacenic, phenacenic 

or paracyclophanic molecular belts, depending on the chirality of the nanotube. 

A more instructive schematization, although chemically even less feasible as a 

synthetic route than the previous, is looking at a nanotube as the roll-up product of 

a graphene sheet, of course with proper bond reorganization to make sure that the 

formally sp2-hybridized carbon network is not interrupted by unsatisfied valences 

(Figure 3.2-1). 

Figure 3.2-1. Schematization of structural properties of CNTs according to their ideal roll-up 
formation from a graphene sheet. 
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In this way, it is possible to define on the graphitic plane two Bravais lattice vectors 

(a1 and a2, Figure 3.2-1) and classifying each possible structure with the associated 

(n,m) pair of indexes, or equivalently, to the associated chiral angle. 

The two (n,m) indexes need to be integer to guarantee the perfect closure of the 

tubular structure, and allow to distinguish three main classes on nanotubes: the 

(n,0) or zigzag (due to the pattern of their section, cf. Figure 3.2-1), the (n,n) or 

armchair and the far broader family of the generic (n,m) tubes, called chiral. 

What may look like structural notation or nomenclature rules, are indeed 

fundamental parameters for CNTs’ properties: if a graphene sheet would possess a 

metallic behaviour due to the zero band-gap between its valence (π) and conduction 

(π*) bands, in CNTs the density of states depends intrinsically on the structure, i.e. 

on its diameter and chirality. This is due to the cylindrical symmetry, which imposes 

a curvature on the planar network of the π orbitals of graphene, ultimately resulting 

in a different σ-π hybridization depending on the structural parameters. 

Alternatively, we can speak of quantum confinement effects due to the mono-

dimensionality of these systems: as a matter of fact, metallic or zero band-gap 

nanotubes (n=m, armchair), semimetallic nanotubes, with band-gaps in the meV 

region (n-m=3k, with k integer), and semiconducting nanotubes, with band-gaps in 

the eV range (n-m≠3k, k integer), can be distinguished. 

Interesting conduction phenomena, as well as their renowned outstanding 

mechanical properties, made CNTs attractive materials for a broad spectrum of 

applications. [25] Such peculiar chemical and physical properties did not go long 

unnoticed even for catalytic purposes. [26] 

Although this will be further discussed in the 3.2.4 section, it is evident that a 

covalent approach to the surface functionalization of CNTs leads to a vast disruption 

of the π delocalized systems, ultimately altering the characteristic properties 

discussed above, which makes CNTs attractive for a plethora of purposes. This, 

together with the other arguments presented 3.2.4, made us opt for a 

supramolecular functionalization which does not tamper with the delocalized 

structure. Beyond the advantages over the use of AC mentioned above (see also 

3.2.5), the higher inertness of CNTs should be stressed: this is not a matter of 

concern for catalytic systems based on adsorbed metal complexes, but opens up the 

possibility of further manipulation of the material, e.g. through a reduction step, to 

obtain supported metal nanoparticles (cf. Appendix A and [27]). In chemical (e.g. 

NaBH4) or physical (e.g. hydrogen plasma) reductive processes, AC undergoes much 

deeper structural modifications than CNTs do and, due to its intrinsic higher 
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heterogeneity, offers a much less reliable control over the spatial distribution and 

size dispersion of the resulting particles. 

Lastly, carbon-based supporting materials, even the most advanced ones (despite 

being pricey compared to AC), fall within an environmental friendly and sustainable 

technology perspective, as many other choices in this work (see also 3.2.3), as 

shortages of the raw material, i.e. carbon, are and will remain out of question.11  

3.2.3 Target Reaction 

Palladium-catalysed coupling reactions, leading to C-C, C-N and C-O bond formation, 

are highly significant to efficiently access products which would otherwise require 

far more impractical routes. The advantages they offer are relevant both in terms of 

costs (yields, reaction rates) and of required synthetic efforts (reaction conditions, 

selectivity). As all powerful synthetic tools, they found a growing recognition in the 

scientific community, at present peaking with the 2010 Nobel prize to R. F. Heck, E. 

Negishi and A. Suzuki: a collection of names that reminds a set of reactions, and not 

by chance. 

Sonogashira cross coupling (cf. [28] for the seminal paper) is a carbon-carbon bond 

forming reaction involving a terminal alkyne and an aryl or vinyl halide according to 

the general scheme (Figure 3.2-2): 

Figure 3.2-2. General scheme for the Sonogashira cross coupling. 

Mechanism is still partially debated, especially for the Copper free version of the 

reaction which, incidentally, is the main goal of the experimental part; as such, the 

Reader is addressed elsewhere for a proper discussion on the topic. [29] 

Pd-catalyzed coupling reactions share the common feature of having been 

developed employing homogeneous catalysts. This has generally been subject to 

revision, as the difficulty in recovering, and thus re-using, expensive homogeneous 

catalysts, together with potential purity problems connected to catalyst’s residues 

in the final products, prompted many to attempt at the development of 

heterogenous systems, capable of overcoming such shortcomings and promoting a 

                                                           
11 The green aspect is truer the better we manage to perfect CNTs preparation methods and 
reduce the use of transition metal catalysts. Improvements are still required in this area. 
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large-scale employment of otherwise costly reactions. This explains the emphasis of 

this thesis on the heterogeneous nature of the catalysts. 

Before receiving the deserved attention by the community, the situation was exactly 

the same for Sonogashira coupling: industrial application being prevented (or 

limited to the production of high added value molecules) by the required amount of 

catalyst and by the air sensitive nature of the used Pd complexes (i.e. phosphine 

complexes), requiring an inert atmosphere. 

This primarily made this reaction a suitable target for our study. 

One of the strong points of the Sonogashira reaction is that it requires relatively mild 

conditions, allowing a certain tolerance towards other functionalities, thus enabling 

the synthesis of complex molecules. In view of this, design and preparation of the 

catalysts (cf. 3.2.4 and 3.4.3.1) were performed to make them water-compatible, 

enabling the use of water as solvent for the coupling process. Furthermore, the 

uniform dispersion and ready availability of active sites at the surface (cf. 3.2.4) as 

an expedient to hopefully limit the required thermal energy, viz. the working 

temperature, for the formation of the catalyst-reagent activated complexes. The 

effort was on raising the bar on reaction conditions, making them even more gentle, 

having in mind both the potential synthetic advantage and the fact that power-

saving processes and green solvents are also of global interest from an 

environmental perspective. 

Finally, the choice of the Cu-free version of the reaction is self-explanatory:  since 

Copper can promote the here undesired Glaser oxidative homocoupling of the 

terminal alkyne, considering that quite a few Pd catalysts (many of which 

homogeneous, though) capable of promoting the reaction in the absence of Copper 

were reported, there was no reason not to assay the Cu-free Sonogashira cross 

coupling first. 

3.2.4 Supramolecular Approach 

The signature chemical strategy12 for the production of nanoscale materials is the 

bottom-up approach, where Supramolecular Chemistry, through molecular 

recognition and self-assembly, plays a major role. [30] 

When speaking about surface decoration, however, it should be stressed that 

covalent procedures, both according to a “grafting to” or a “grafting from” strategy, 

are available for a broad range of materials (e.g. silyl derivatives for glass or silica 

decoration, direct or defective sites strategies for graphitic walls, and a whole world 

                                                           
12 Although it was inspired by a physicist… (cf. “There’s Plenty of Room at the Bottom” (1959) 
by Richard P. Feynman) 



51 

of processes involving polymers, many of which nowadays owe to the development 

of click-chemistry).  

At times, self-assembly is presented as a life saver: why bothering to devise a 

synthetic route involving a set of high yield orthogonal reactions to decorate a 

surface, as in a “grafting from” approach, when thiols on gold self-assemble so 

smoothly forming an even monolayer on their own? Although there may be a point 

in these arguments, no surface decoration method can disregard the chemical 

nature of the partners involved and the recognition of an interaction mechanism 

granting the desired junction. As such, covalent approaches, each on its own merits, 

in view of the chemical identity of the concerned species and target application, 

have their pro and con cases with respect to an equivalent non-covalent 

methodology. 

Since a supramolecular approach was adopted in the present thesis, it is useful to 

discuss its advantages for our objectives. 

First, looking from the Pd-complex perspective, the stabilizing and activating 

function of the polyaminic ligand (cf. 3.2.1), necessarily involves a supramolecular 

design and understanding of the host-guest interactions and of the resulting 

properties of the final supermolecule, not to mention an estimate of its possible 

interplay with the reagents of the Sonogashira cross coupling (see 3.2.3) to grant 

the desired catalytic effect. That is to say that, set aside surface decoration, an 

intrinsic supramolecular component exists in this project. 

The second reason, as partially addressed in 3.2.2, is surface-dependent, aiming to 

maintain electronic and structural properties of CNTs which would otherwise be 

disrupted by a covalent approach. 

This, however, is not the whole story. 

Covalent approaches, either direct methods engaging the graphitic wall or 

exploiting defective sites or heteroatomic functions, rarely offer the spatial control 

and homogeneity of functionalization achievable through a self-assembly process. 

Defective sites or heteroatoms do not have any reason to be evenly distributed on 

a surface, eventually requiring harsh pre-emptive surface modifications to introduce 

them: direct methods, instead, requiring reactive species (e.g. peroxides, fluorine, 

carbenes, nitrenes, et cetera) or activated organic substrates (e.g. azomethine 

ylides, cf. Prato reaction, diethylbromomalonate, cf. Bingel reaction, et cetera), will 

net statistically polyfunctionalized products. 

Here the focus is on homogeneity, which is mandatory especially for the choice of 

single ions as catalytic centres, instead of, say, nanoparticles: this is an important 
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point to stress, since supported single molecule active sites are not widespread, but 

they could potentially allow to spare precious catalytic metals, again falling into the 

aforementioned (see 3.2.2 and 3.2.3) green chemistry trend. 

Homogeneity oftentimes proceeds from spontaneous self-assembly, therefore in 

this work a π-π stacking non-covalent functionalization of CNTs was selected: 

although the approach is not new, being well-established and widely exploited for 

the purpose, there are some further advantages in our case which should be 

discussed. 

First, the availability of a molecular moiety of proven effectivity with which we were, 

moreover, already familiar ( [31], cf. Appendix B and 3.2.5), i.e. the 6-amino-3,4-

dihydro-3-methyl-5-nitroso-4-oxopyrimidine (the pyrimidine hereafter) (Figure 

3.2-3), which due to its marked electron-deficient character gives rise to strong 

chemisorption on graphitic surfaces. Furthermore, this heterocycle possesses the 

intriguing property of being a building block easily incorporated in any of our Ar-S-F 

type systems (cf. Figure 3.1-1). 

Figure 3.2-3. Structure and reactivity towards primary amines of 6-amino-3,4-dihydro-3-methyl-5-
nitroso-4-oxopyrimidine. 

It was important for us to devise a way of introducing the grafting Ar function that 

could be used effectively for a wide spectrum of functional groups F, whatever their 

chemical nature, for the sake of the universality of the method and in view of its 

possible applications to other problems. In this light, the pyrimidine was chosen as 

it can be used to selectively functionalize any primary amine in a click-like fashion 

according to the scheme proposed in Figure 3.2-3, notably under very mild 

conditions, which, beyond the environmental concerns, are crucial for a broad 

compatibility with the functional groups of the chosen F moiety. 

Accordingly, transformation of any functional group F into an Ar-S-F type molecule, 

suitable for our approach, only involves the insertion of a desired spacer function S, 

possessing a primary amine, and its facile conjugation with the pyrimidine, thus 

providing a wider scope perspective to the whole work. 



53 

A second reason to pick up the supramolecular functionalization route, resides in 

the simplicity of functionalization. 

Sure, time and synthetic efforts are required to adequately prepare the tectons, but 

once everything is in place, surface functionalization happens spontaneously in 

water at room temperature through chemisorption of the arene centres of Ar-S-F 

molecules on the CNTs, while the hydrophilic azamacrocyclic F functions work as 

dispersing agent, segregating bundles and allowing the full exposure of the CNTs 

surface to the procedure. Beyond the obvious advantage of being a self-process, a 

key point is again the mildness of the process, which allows to confer the designed 

molecular properties to the surface without resorting to harsh conditions, which 

may alter either the adsorbate or the CNTs properties. Preservation of the 

engineered properties results in a more homogeneous nature of the final products 

in terms of chemical identity (cf. the importance of homogeneity for these systems, 

vide supra) and allows the preparation of the Pd-loaded system again by dispersing 

the receptor-functionalized nanotubes in a solution of the metal cation. 

As discussed above for our specific case, the advantages of a supramolecular 

functionalization approach can be summarized as follows: 

1. It allows the preservation of CNTs structural and electronical properties; 

2. It allows the surface functionalization step to happen according to a 

spontaneous self-process, in mild conditions and promoting an even 

distribution of sites; 

3. It allows the subsequent metal binding step to happen in the same 

favourable conditions; 

4. It is a general process, which through a careful choice of the F function, 

allows for a ready extension of the developed methodology to other 

systems; 

5. It harmonizes with the overall efforts to develop a new method in an 

environmental friendly manner. 

3.2.5 Previous Experiences 

This section aims to spend a few words on the origins of the present work, 

collocating it within the ongoing research line and providing some useful references, 

as this appears beneficial to its overall comprehension. 

My experience with decoration of carbonaceous surfaces ( [31], cf. Appendix B) 

began with AC as supporting material, which was later abandoned, as anticipated in 

3.2.2, in favour of carbon nanotubes. Since recovery of target ionic species from 

their aqueous solution was the goal, AC was selected as an inexpensive substrate 

with some innate good adsorption properties. The transition to finer applications, 
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i.e. catalysis, required the switch to CNTs: irregularity and random functionalization 

present on the material were detrimental for our purposes. Beyond that, also the 

issue of porosity should be mentioned. Pore size-distribution, heavily depending on 

the preparation of the AC, had a heavy influence over the final properties of the 

hybrid materials: open meso- and macro-pores are required for the proper 

functionalization and functioning of the material, else ligand adsorption will cause 

pore occlusion or not happen properly due to the stereochemical constrains 

imposed by narrow pore size. Among the main advantages of CNTs, the fact the 

surface is basically wholly external should be stressed in view of the above. 

As pointed out above (cf. 3.2.4), the pyrimidine moiety has been in use for a while, 

allowing us to grow confident with it both as anchoring group [31] and as anion-

binding function ( [32], cf. 4). 

Nevertheless, the explored F functional groups (cf. Figure 3.1-1) were linear or 

branched polyamines. That research line forked in the work presented in this thesis 

and in an extensive study of hyperbranched or dendrimeric molecules as candidates 

for F groups ( [33] [34] [35], cf. Appendix C, D and E). This work, although did not 

lead to tangible results in surface decorations or catalysis, partially due to the facts 

that dendrimeric systems tend to elude the developed functionalization strategy, is 

both valuable on its own and relevant to the present study, being parallel, when not 

preparatory, to it: as such, the Reader is warmly encouraged to consult this further 

material at his convenience. 

Lastly, most of the material presented in this section is published in two papers, ref. 

[27] and [36], whose full texts are provided in Appendix A and F: hopefully, the 

following exposition will prove clear enough not to urge my Reader to consult them, 

however they contain many valuable references, which could not be fully 

accommodated throughout the text, that may help clarifying doubts or simply refer 

to other selected researches. 
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3.3 STUDIED LIGANDS 
Several new ligands were prepared and studied in the course of this thesis project. 

HL1 and HL2 (Figure 3.3-1) devised as Pd(II) binding agents and assayed as 

heterogeneous catalysts for the Cu-free Sonogashira cross-coupling, were the main 

focus of the study. 

A third ligand, i.e. HL3 (Figure 3.3-1), inspired by the interesting coordination 

properties of the others towards Cu(II), was prepared and investigated as a mean of 

obtaining Cu-decorated CNTs, either possessing Cu(II) complexes or Cu(0) 

nanoparticles at the surface. 

Each of the obtained ligands has been prepared from the parent macrocyclic 

polyamine (1, 2 and 3, respectively, cf. Figure 3.3-1) according to a click-like 

conjugation with 6-amino-3,4-dihydro-3-methyl-5-nitroso-4-oxopyrimidine (cf. 

Figure 3.2-3 and 3.2.4) 

Figure 3.3-1. The HL1, HL2 and HL3 ligands with their precursor molecules 1, 2 and 3. 



56 

3.3.1 Synthesis of HL1 

0.38 g (1.52 mmol) of 6-(2-aminoethyl)-3,6,9-triaza-1-(2,6)-pyridinecyclodecaphane 

(1 in Figure 3.3-1) [37] dissolved in 20 cm3 of methanol were reacted at room 

temperature with 0.35 g (1.73 mmol) of 6-amino-3,4-dihydro-3-methyl-2-methoxy-

5-nitroso-4-oxopyrimidine. The latter dissolves slowly over 8 h under stirring. The 

excess of pyrimidine was then converted into the insoluble 2,4-diamino-1-methyl-

5-nitroso-6-oxopyrimidine derivative by reaction with ammonia (5 drops of 37% 

aqueous ammonia). After standing overnight in a fridge, the resulting suspension 

was filtered and the solution was evaporated to dryness under vacuum at room 

temperature to obtain HL1 as a deep purple solid compound. Yield 95%. 

C18.5H31N9O3.5 (HL1∙0.5MeOH∙H2O): calculated C 51.02, H 7.18, N 28.94; found C 

50.93, H 7.19, N 28.70. 

1H NMR D2O: δ (ppm) 2.62-3.46 (m, 13H), 3.74 (t, 2H), 4.55 (s, 4H), 7.37 (d, 2H), 7.88 

(t, 1H). 

3.3.2 Synthesis of HL2 

HL2 was prepared by reaction of 6-(7-amino-3-azahexyl)-3,6,9-triaza-1-(2,6)-

pyridinecyclodecaphane (2 in Figure 3.3-1) [38] with 6-amino-3,4-dihydro-3-methyl-

2-methoxy-5-nitroso-4-oxopyrimidine according to the procedure adopted for the 

synthesis of HL1. Yield 73%. 

C22H37N10O4 (HL2∙MeOH∙H2O): calculated C 51.95, H 7.93, N 27.53; found C 52.30, H 

7.68, N 27.68. 

1H NMR D2O: δ (ppm) 2.90-3.28 (m, 15H), 3.34 (s, 3H), 3.66 (t, 2H), 4.56 (s, 4H), 7.38 

(d, 2H), 7.88 (t, 1H). 

3.3.3 Synthesis of HL3 

HL3 was prepared by reaction of 1, 4, 8, 11-tetraazacyclotetradecane-1-ethanamine 

(3 in Figure 3.3-1) [39] with 6-amino-3,4-dihydro-3-methyl-2-methoxy-5-nitroso-4-

oxopyrimidine according to the procedure previously described for the synthesis of 

HL1 and HL2. Yield 95%. 

C18.5H31N9O3.5 (HL3∙0.5MeOH∙H2O): calculated C 51.02, H 7.18, N 28.94; found C 

50.93, H 7.19, N 28.70. 

1H NMR D2O: δ (ppm) 2.62-3.46 (m, 13H), 3.74 (t, 2H), 4.55 (s, 4H), 7.37 (d, 2H), 7.88 

(t, 1H). 
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3.4 RESULTS AND DISCUSSION 
As discussed in 3.1, the aim of the work is producing heterogeneous catalyst through 

a bottom-up approach, engineering their properties from the molecular level 

upwards and conferring them to the final materials through an Ar-S-F design (cf. 

Figure 3.1-1) and a supramolecular approach to surface decoration (cf. 3.2.4). 

As such, candidate F functions were recognized in the azamacrocycles of 1, 2 and 3 

parent ligands (Figure 3.3-1). The chosen macrocycles were used in the form of their 

scorpiand aminic derivatives, i.e. possessing a spacer S of variable length 

terminating in a primary amine function, in order to attach them in a one-pot high 

yield reaction to our pyrimidinic moiety Ar, which enables their chemisorption on 

graphitic surfaces. 

In-depth characterization of their solution behaviour was pre-emptively performed 

both to ascertain the maintenance of the properties of interest throughout the 

derivatization process, and to be used as a basis for the further characterization of 

the ligand-CNTs and metal-ligand-CNTs hybrid materials. 

Protonation was evaluated in view of the reported properties of the parent ligands 

and of analogous polyaminic systems, while metal coordination studies were 

oriented towards cations implicated in catalytic process (e.g. Zn(II) and Cu(II)), which 

could be used as a model for Pd(II) coordination, whose experimental assessment, 

although undertaken to some extent for HL1 and HL2, is hindered by kinetic 

inertness. 

3.4.1 Choice of the F Functions 

A brief account for the choice of the selected azamacrocycles will be given in this 

section, for a general discussion on the advantages of these kind of ligands see 3.2.1. 

The shared macrocyclic unit of the 1 and 2 precursor molecules (Figure 3.3-1), here 

used as Pd(II) binding agent, was selected due to its supposed inability to adapt to 

the square planar geometry demanded by this d8 metal cation. In fact, reported 

crystal structures of the [CuL]2+ complexes of the precursor molecules 1 and 2, show 

that the metal is coordinated to all four nitrogen atoms of the macrocycle and to all 

the nitrogen atoms of the pending arm, moreover not fully available for 

coordination in HL1 and HL2 due to the conjugation with the pyrimidine. [37] [38] 

The crystal structures of the [ML]2+ (M = Mn(II), Ni(II), Zn(II)) [40] complexes of 2 are 

isostructural to [Cu2]2+, i.e. in all the reported structures the macrocycle is found to 

be bent in an incompatible manner with respect to a square planar geometry. This 

idea was further reinforced by the structure of CuHL1(ClO4)2, obtained during this 

thesis and reported below Figure 3.4-1 (discussion in 3.4.2.3) to help visualize the 

bent conformation invariably exhibited by the chosen macrocycle, ultimately due to 
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its size and rigidity. The importance of leaving an activated position in the first 

solvation shell of the ion, lies in its increased reactivity which in turn should promote 

the catalytic behaviour (3.2.1). 

Figure 3.4-1. Detail of the conformation of the macrocycle in the crystal structure of CuHL1(ClO4)2. 

Development of the ligand HL3 owes much to the good results obtained both with 

Cu(II) binding and overall stability of the of the hybrid materials. In view of this, we 

decided to incorporate cyclam (1,4,8,11-tetraazacyclotetradecane), the most typical 

tetraazamacrocyclic moiety, well-known for the formation of extremely stable 

complexes with a series of cations (including Cu(II)) in our Ar-S-F systems. This was 

an important step, since addressing other catalytic processes is but a way to 

demonstrate the broad applicability of the whole methodology. 
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3.4.2 Solution Studies 

3.4.2.1 Acid-Base Properties of the Ligands 

Potentiometric (pH-metric) titrations performed in aqueous solution (0.1 M NMe4Cl, 

298.1 K) in the pH range 2.0-11.5 showed that HL1, HL2 and HL3 contain, 

respectively, four, five and four basic groups undergoing protonation, as well as an 

acidic group that starts being deprotonated above pH 10. The equilibrium constants 

determined for these processes are reported in Table 3.4-1 in the form of 

protonation constants. 

 

Table 3.4-1.  Protonation constants of ligands HL1, HL2 and HL3 (L) in 0.1 M NMe4Cl at 298.1 ± 0.1. 
Values in parenthesis are the standard deviations on the last significant figure. 

 

 

 

 

 

 

 

 

Species distribution diagrams for each ligand are reported below in Figure 3.4-2. 

 

 

 

 

 

 

 

 

Equilibria log K 

 HL1 HL2 HL3 

L- + H+ = HL 11.13(4) 11.21(5) 11.22(3) 

HL + H+ = H2L+ 9.28(5) 9.71(4) 10.43(3) 

H2L+ + H+ = H3L2+ 7.83(7) 8.64(6) 8.55(4) 

H3L2+ + H+ = H4L3+ 2.3(1) 7.51(6) 3.23(5) 

H4L3+ + H+ = H5L4+ 1.6(5) 2.2(1) 1.99(5) 

H5L4+ + H+ = H6L5+  1.6(5)  
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Figure 3.4-2. Distribution diagrams for the protonated species of HL1, HL2 and HL3 as a function of 

pH. [ligand] = 1 10-3 M. 
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According to the properties of other amine derivatives with the same pyrimidine 

residue, the protonation stages occurring at the highest pH values (log K = 11.13, 

11.21, 11.22 Table 3.4-1) should involve the amine groups directly connected to the 

pyrimidine ring, which are expected to be deprotonated at high pH, while the 

protonation stages corresponding to the log K values of 2.3, 2.2 and 1.99 (Table 

3.4-1) should involve the pyrimidine nitroso groups. 

This assignment of the protonation sites is confirmed by the pH dependence of the 

adsorption spectra of the three ligands. 

As shown in Figure 3.4-3 for HL1 and in Figure 3.4-4 for HL2, their near-UV spectra 

are characterized by three bands centred at about 230, 265 and 330 nm 

corresponding to allowed π/π* transitions between π-orbitals of the pyrimidinic 

group and overlapping with the band at about 265 nm of the pyridinic one. The 

spectra of both HL1 and HL2 display a marked pH dependence in acidic and alkaline 

solution, when protonation involves the pyrimidine chromophore, while in the 

intermediate pH region (4.0-9.0 approximately) they are almost invariant since 

protonation takes place on the non-chromogenic aliphatic amine groups. 

Interestingly, the equilibrium constants for the protonation stages involving the 

chromophores of the two ligands are equal, or almost equal within the experimental 

errors, in agreement with protonation occurring on almost identical sites; for the 

remaining proton binding processes, HL2 demonstrates a greater basicity, in terms 

of values and number of the protonation constants, according to the presence of 

one more amine group in its structure. 
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Figure 3.4-3. UV absorption spectra of HL1 at different pH in aqueous solution: top pH 0.6-7.0, 

bottom pH 4.9-12.3. Inset: pH dependence of the 330 nm (red diamonds) and 265 nm (green dots) 
absorbances. 
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Figure 3.4-4. UV absorption spectra of HL2 at different pH in aqueous solution: top pH 0.6-8.7, 
bottom pH 4.1-12.3. Inset: pH dependence of the 330 nm (red diamonds) and 265 nm (green dots) 

absorbances. 
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The spectra of HL3 differs from the other two, mainly due to the absence of the 

pyridinic band and to a slight shift of the three bands of the pyrimidine at 328, 276 

and 230 nm (Figure 3.4-5). As for HL1 and HL2, the main spectral variations are 

found in alkaline and acidic media, associated with protonation steps involving the 

chromophore, while equilibria involving the polyaminic chain do not affect the 

absorption. 

Figure 3.4-5. UV absorption spectra of HL3 at different pH in aqueous solution: top pH 0.5-8.5, 
bottom pH 3.8-12.2. Inset: pH dependence of the 330 nm (red diamonds) and 270 nm (green dots) 

absorbances. 
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The highly protonated H5L14+, H6L26+ and H5L34+ species are formed only in small 

amounts in the lower pH region we have investigated (cf. Figure 3.4-2). 

Nevertheless, the discovery of their formation reveals that three out of the four 

nitrogen atoms of both macrocyclic rings of three ligands can undergo protonation 

in the studied pH range. 

3.4.2.2 Formation of Metal Complexes in Solution: Cu(II) and Zn(II) 

The equilibrium constants for the formation of Zn(II) and Cu(II) complexes with HL1, 

HL2 and HL3, determined in aqueous solution (0.1 M NMe4Cl, 298.1 K) by means of 

potentiometric (pH-metric) titrations are listed in Table 3.4-2. 

Table 3.4-2. Stability constants of the complexes formed by HL1, HL2 and HL3 with Cu2+ and Zn2+ in 
0.1 M NMe4Cl at 298.1 ± 0.1 K. Values in parenthesis are the standard deviations on the last 

significant figure. 

Equilibria log K 

 HL1 HL2 HL3 

L- + Zn2+ = [ZnL]+ 16.3(1) 17.8(1) 19.0(1) 

HL + Zn2+ = [ZnHL]2+ 12.62(5) 16.65(6) 13.1(1) 

H2L+ + Zn2+ = [ZnH2L]3+ 7.1(1) 11.3(1) 7.8(1) 

[ZnL]+ + H+ = [ZnHL]2+ 7.4(1) 10.1(1) 5.3(1) 

[ZnHL]2+ + H+ = [ZnH2L]3+ 3.8(1) 4.4(1) 5.1(1) 

[ZnL]+ + OH- = [ZnLOH] 4.4(1) 2.8(1) 7.0(2) 

    

L- + Cu2+ = [CuL]+ 22.59(6) 21.2(1) 26.0(3) 

HL + Cu2+ = [CuHL]2+ 15.65(5) 20.21(9) 18.6(3) 

H2L++Cu2+ = [CuH2L]3+  14.74(7)  

H4L3++Cu2+ = [CuH4L]5+ 3.6(2)   

[CuL]+ + H+ = [CuHL]2+ 4.19(6) 10.2(1) 3.9(5) 

[CuHL]2+ + H+ = [CuH2L]3+  4.2(1)  

H5L4++Cu2+ = [CuH5L]6+  3.7(2)  

[CuL]+ + OH- = [CuLOH] 4.16(8)  7.2(5) 
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Due to the known inertness often exhibited by cyclam in forming metal complexes, 

assessment of HL3 coordination properties required special attention and sample 

handling. Both complex formation and dissociation processes appeared to be very 

slow, although dissociation was studied as it appeared to be much faster: for this 

reason, measurements were performed following complex dissociation, that is, by 

performing the potentiometric titrations from alkaline to acidic conditions. In the 

case of Zn(II), the alkaline solution of the complex was prepared into the 

potentiometric cell and the pH variation was monitored until the equilibrium was 

reached (2 hours). Then the solution was titrated with standardized HCl solution. 45 

minutes were necessary to reach the equilibrium after each addition. In the case of 

Cu(II), two days were necessary to reach the equilibrium of the starting solution. 

Accordingly, the alkaline complex solution was prepared in a separate vessel, stored 

under inert atmosphere and left to equilibrate for 2 days at 298 K, then it was 

transferred into the titration cell. The measurement was performed as in the case 

of Zn(II), but with an elapsed time of 2 hours between successive titrant (acid) 

additions. The issues posed by kinetic reflect themselves on the stability constants 

in terms of larger errors and, in the case of Cu(II), also in a restriction of the studied 

pH range to 2.5-8.0. 

Also, in view of the above remarks and of the intrinsic inertness often exhibited by 

the metal cation in forming complexes, Pd(II) coordination studies with HL3 were 

not undertaken due to the unfavourable kinetic restraints. 

Distribution diagrams for the formation of these complexes can be found below in 

Figure 3.4-6. 
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Figure 3.4-6. Species distribution diagrams for the complexes formed by HL1 (top), HL2 (middle) and 

HL3 (bottom) with Cu2+ (left) and Zn2+(right). 
[M2+] = [L] = 1 10-3 M. 
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In terms of the species formed, the three ligands (HL = HL1, HL2, HL3) give rise to 

identical complex systems with Zn(II), constituted by ZnL+, ZnHL2+, ZnH2L3+ and 

ZnLOH species, while in the case of Cu(II) there are some differences. Namely, HL1 

forms CuL1+, CuHL12+, CuH4L15+ and CuL1OH, while HL2 forms CuL2+, CuHL22+, 

CuH2L23+ and CuH5L26+. HL3 forms the same species of HL1 with the exclusion of the 

tetraprotonated one. Such differences are justified by the different numbers of 

donor atoms in the ligands and, in the case of Cu(II), by the greater stability of the 

complexes with HL3. Indeed, HL1 and HL3, which can provide at most five donor 

atoms, are not able to fulfil the coordination sphere of the metal ions and 

deprotonation of a coordinated water molecule gives rise to MLOH complexes in 

alkaline media. On the other hand, HL2, containing one more donor atom, does not 

form a similar hydroxylate species with Cu(II) while the corresponding Zn(II) species 

is significantly less stable then the hydroxylated complexes formed by HL1 and HL3 

(Table 3.4-2). 

The most peculiar feature of these complex systems, however, is the gap of 

protonation states observed for the Cu(II) systems between CuHL12+ and CuH4L15+, 

in the case of HL1, and between CuH2L23+ and CuH5L26+, for HL2 (cf. Table 3.4-2, 

Figure 3.4-6). In CuH4L15+ and CuH5L26+, the metal ion is expected to be bound by 

the pyrimidine group in a chelating mode similar to that observed in the crystal 

structure of CuHL1(ClO4)2 (cf. 3.4.2.3), the macrocyclic ring, being triprotonated, is 

not able to bind metal ions. As a matter of fact, these highly protonated complexes 

are formed in very acidic solutions. When the pH is increased and the macrocycle 

starts releasing the most acidic proton, Cu(II) migrates from the pyrimidine binding 

site to the macrocycle forcing the deprotonation of the remaining ammonium 

groups. Most likely, such triple deprotonation process does not occur in a single step 

but takes place through successive equilibria occurring in a pH range so tight that 

they are not distinguishable, at least by means of the potentiometric method. This 

is a case of pH-controlled metal translocation similar to those observed with 

macrocyclic ligands containing divergent binding sites.  

The UV spectra of the ligands in the presence of metal ions, recorded at various pH 

values, are shown in Figure 3.4-7 for HL1, Figure 3.4-8 for HL2 and Figure 3.4-9 for 

HL3. 
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Figure 3.4-7. UV spectra of HL1 complexes with Cu2+ (left) and Zn2+ (right) at different pH values. 
[M2+] = [HL1] = 5×10−5 M. 

Figure 3.4-8. UV spectra of HL2 complexes with Cu2+ (left) and Zn2+ (right) at different pH values. 
[M2+] = [HL1] = 5×10−5 M. 
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Figure 3.4-9. UV spectra of HL3 complexes with Cu2+ (left) and Zn2+ (right) at different pH values. 
[M2+] = [HL1] = 5×10−5 M. 

In the case of HL1 and HL2, a comparison of complex spectra with those of the metal 

free ligands shows that the 330 nm absorbance is insensitive to the presence of 

metal ions, while the band at 265 nm, due to the pyridine moiety, is enhanced within 

the entire pH region in which metal complexation takes place, indicating that the 

pyridine nitrogen atom is involved in the formation of all complex species (Figure 

3.4-10). In the case of Cu(II) complexes (Figure 3.4-10 top), however, this 

enhancement is present even in very acidic solutions: under such conditions, the 

formation of CuH4L15+ and CuH5L26+, in which the metal ion is coordinated to the 

pyrimidine residue, enhances the absorbance due to this chromophoric group also 

occurring at about 260 nm. The profile of the pH dependence of this band is 

indicative of metal translocation occurring from pyrimidine to the macrocyclic 

(pyridine) sites with increasing pH. 

As already noted above, for HL3 we did not observe the formation of Cu(II) 

complexes in a high protonation state, such as CuH4L15+ for HL1, in which the metal 

ion is chelated by the pyrimidine group. Due to the greater stability of the complexes 

formed by HL3, release of the Cu(II) ion from the macrocyclic ring takes place in 

more acidic solutions (below pH 3), relative to HL1. Accordingly, the hypothetical 

CuH4L35+ species, is not expected to form in appreciable amounts above pH 2.5, 

which is the lower pH limit useful for our pH-metric titrations. Nevertheless, we 

cannot exclude the formation of such species below pH 2.5, although, under similar 

acidic conditions, protonation of the nitroso group becomes an additional 

impediment.  
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Figure 3.4-10. pH dependence of the 330 nm (triangles) and 265 nm (squares) absorbances of HL1 
(left) and HL2(right) in the absence (red) and in the presence (blue) of Cu2+ (top) and Zn2+ (bottom) 

superimposed to the relevant species distribution diagrams. [M2+] = [L] = 5×10−5 M. Species charges 
have been omitted for simplicity. 

HL2 binds the two metal ions forming more stable complexes than HL1 and HL3 

(Table 3.4-2), in agreement with the presence of one more amine group in its lateral 

chain. In the case of HL1, it is possible to perform a comparison with the 

coordination properties of the parent ligand 1 [37] [41], evidencing that the stability 

of the ZnHL12+ (log K = 12.6) and CuHL12+ (log K = 15.48) complexes is significantly 

smaller than that of the analogous complexes Zn12+ (log K = 17.42) [41] and Cu12+ 

(log K = 20.43) [37], in agreement with a loss of coordinating ability experienced by 

the primary nitrogen of 1 (Figure 3.3-1) upon functionalization with the pyrimidine 

residue. As a matter of fact, in the crystal structure of CuHL1(ClO4)2 (cf. 3.4.2.3) this 

amine group is not involved in the coordination of the metal ion, which completes 

its coordination environment by chelate binding of the pyrimidine residue of an 

adjacent complex molecule. Nonetheless, when this functionalized nitrogen 

undergoes deprotonation, enhancing its coordinating ability, the complex stability 

increases (Table 3.4-2). This phenomenon is much less evident for HL2, as the 

additional amine group in the lateral chain is already coordinated when the nitrogen 

atom directly bound to the pyrimidine group becomes deprotonated. The 

involvement of this deprotonated amine group in metal coordination can be 

assessed by comparing the equilibrium constants for protonation of free and 
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complexed ligands according to the general equilibria L+ + H+ = HL and ML+ + H+ = 

MHL2+ (L = L1, L2, L3; M = Zn, Cu). In the case of HL2, complex protonation constants 

(log K = 10.42 for ZnL2+, log K = 10.5 for CuL2+, Table 3.4-2) are very close to the 

protonation constant of L2- (log K = 11.25, Table 3.4-1), indicating that the group 

being protonated is free, while in the case of HL1 a similar comparison shows that 

complex protonation takes place on a coordinated group (log K = 7.4 for ZnL1+, log 

K = 4.02 for CuL1+, log K = 5.3 for ZnL3+, log K = 3.9 for CuL3+, versus log K = 11.13 for 

L1- and log K = 11.22 for L3-). 

3.4.2.3 Crystal Structure of CuHL1(ClO4)2 

The crystal structure consists of a 1D coordination polymer [CuHL1]2+n built up by 

repeats of complex units. A segment of the 1D polymer is shown in Figure 3.4-11, 

evidencing the metal coordination sphere (crystallographic parameters and 

selected bond angles and distances are listed in Table 3.4-3 and Table 3.4-4 

respectively).  

Figure 3.4-11. A segment of the 1D polymer in the crystal structure of CuHL1(ClO4)2 showing the 
metal coordination environment and the anion-π interaction of a perchlorate anion with the 

pyrimidine function of the ligand. 
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Table 3.4-3. Crystal data and structure refinement for CuHL1(ClO4)2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The copper atom is hexacoordinated by the four nitrogen atoms of the macrocycle 

and by the carbonyl oxygen and the nitroso nitrogen belonging to the nitroso-amino 

pyrimidine group of a contiguous, symmetry related ligand. The coordination sphere 

can be best described as a strongly distorted octahedron, whose axial distances, 

defined by the nitroso oxygen O1 and the macrocyclic tertiary nitrogen N1, are 

strongly elongated (Table 3.4-4). The equatorial plane is defined by the pyridine and 

the two secondary nitrogen atoms of the macrocycle, together with the nitroso 

nitrogen from the pyrimidine ring of the contiguous symmetry related ligand. It is to 

be underlined that, while the coordination of the nitroso nitrogen clearly acts on the 

electron distribution in the pyrimidine ring system, giving a remarkable shortening 

of the N=O bond and a lengthening of the N-C bond, coordination of the carbonyl 

oxygen does not determine the weakening of the C=O bond, whose bond length is 

even shorter than the corresponding mean value for the free C=O (1.205(7) Å vs 

1.22(2) Å for – C=O – and 1.26(3) Å - C=O-M bonds).  

Empirical formula C18H27Cl2CuN9O10 

Formula weight 663.93 

Temperature (K) 150 

Crystal system, space group Orthorhombic, Pbca 

a (Å) 14.2264(4) 

b (Å) 18.2109(5) 

c (Å) 18.9638(5) 

Volume (Å3) 4913.1(2) 

Z 8 

Independent reflections / R(int) 3770 / 0.0450 

 (mm-1) 3.938/ (Cu-k) 

R indices [I>2(I)]* R1 = 0.0595 

 wR2 = 0.1408 

R indices (all data)* R1 = 0.1010 

 wR2 = 0.1675 
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The head to tail disposition of the ligands in the chain is due to the 21 screw axes, 

running parallel to the b axis and determining an overall helical fashion for the 

coordination polymer. 

Table 3.4-4. Selected bond angles (deg) and distances (Å) for the crystal structure of [Cu(HL1)](ClO4)2. 
Symmetry relation for primed atoms: 1-x, y-0.5, 1.5-z; e.s.d. in parentheses. 

Cu - N4 2.068(5) 

Cu - N1 2.324(5) 

Cu - N3 1.933(5) 

Cu - N2 2.060(6) 

Cu - N8’ 2.003(5) 

Cu - O1’ 2.534(4) 

N4 - Cu - N1 82.7(2) 

N4 - Cu - N3 82.3(2) 

N4 - Cu - N2 157.6(2) 

N4 - Cu - N8 107.6(2) 

N4 - Cu - O1 81.5(2) 

N1 - Cu - N3 97.4(2) 

N1 - Cu - N2 84.0(2) 

N1 - Cu - N8 108.4(2) 

N1 - Cu - O1 163.6(2) 

N3 - Cu - N2 81.7(2) 

N3 - Cu - N8 153.2(2) 

N3 - Cu - O1 84.9(2) 

N2 - Cu - N8 93.6(2) 

N2 - Cu - O1 112.4(2) 

N8 - Cu - O1 72.4(2) 
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Similarly to the crystal structures previously reported for metal complexes obtained 

with the 3,6,9-triaza-1-(2,6)-pyridinecyclodecaphane macrocycle functionalized on 

its 6 position [37] [38] [40] [41], the macrocycle adopts a bent conformation which 

leaves the metal coordination sphere unsaturated. In these structures, however, the 

macrocycle and the pendant arm containing donor atoms are involved in the 

coordination of the same metal centre, and isolated complexes are invariably 

formed. Instead, in the [CuHL1]2+n polymer, the pendant arm and the macrocycle 

do not coordinate to the same metal ion, so that the pyrimidine ring protrudes 

outside, and the metal coordination positions not saturated by the macrocycle are 

occupied by exogenous species.  

Electro-neutrality is achieved by the presence of two perchlorate anions in the 

asymmetric unit. One of them strongly interacts with the nitroso pyrimidine group 

via anion-π interactions with three out of four oxygen atoms (Table 3.4-5). 

Remarkably, one of the strongest anion-π interactions ever observed was reported 

for a ligand (L) containing this nitroso-amino pyrimidine group functionalized with a 

tren (tris(2-aminoethyl)amine) moiety. In the crystal structure of the 

{H4L[Co(CN)6]}·2H2O compound, the nitrogen atom of a cyanide ion of [Co(CN)6]3- 

was found 2.786 Å apart from the ring centroid [32]. In this structure, as well as in 

those obtained for the same ligand with HgCl4
2-, HgBr4

2- and CdI4
2-, the anions are 

pretty well localized above the ring centroid [42], while in [Cu(HL1)](ClO4)2, the ClO4
-

-pyrimidine interaction appears dominated by the contact of one perchlorate 

oxygen with the carbonyl C atom of the pyrimidine ring. The O11∙∙∙C17 contact 

distance (2.872(8) Å) is almost coincident with the O∙∙∙ring plane distance (2.882 Å). 

The O13 and O14 oxygen atoms are 3.238 and 3.813 Å apart from the ring centroid, 

and can be considered localized on the ring periphery, having offsets of 0.81 and 

2.13 Å, respectively. 

Table 3.4-5. Geometrical parameters describing the anion-π interaction between the ClO4
- anion and 

the pyrimidine ring in the crystal structure of [Cu(HL1)](ClO4)2. 

 

 

 

 

 

a) Distance from the ring centroid, b) distance from the nearest ring atom indicated in parenthesis, 

 c) angle between the d1 vector and the normal to the ring plane, d) angle between d1 and d2 vectors. 

 

 O11 O13 O14 

d1a (Å) 3.229 3.328 3.813 

d2b (Å) 2.872 (C17) 3.211 (N6) 3.287 (C16) 

c (°) 26.9 14.5 34.1 

d (°) 27.0 25.0 21.0 
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3.4.2.4 Formation of Pd(II) Complexes in Solution (HL1 and HL2) 

The complexation of Pd(II) by the two ligands HL1 and HL2 takes place very slowly, 

however, once such complexes are formed, their protonation can be studied 

without kinetic problems above pH 2.5. Accordingly, we were able to determine the 

protonation constants for these complexes, shown in Table 3.4-6, by means of 

potentiometric (pH-metric) titration in aqueous solution (0.1 M NMe4Cl, 298.1 K). 

Distribution diagrams concerning these equilibria can be found in Figure 3.4-12. 

Table 3.4-6. Protonation constants of the [LPd]+ complexes formed by HL1 and HL2 in 0.1 M NMe4Cl 
at 298.1±0.1 K. Values in parenthesis are the standard deviations on the last significant figure. 

Equilibria log K 

 HL1 HL2 
[PdL]+ + H+ = [PdHL]2+ 9.46(6) 10.19(7) 

[PdHL]2+ + H+ = [PdH2L]3+ 2.2(2) 7.0(1) 
[PdH2L]3+ + H+ = [PdH3L]4+  2.5(2) 

 

Figure 3.4-12. Distribution diagrams for the protonated complex species formed by HL1 (top) and HL2 
(bottom) with Pd2+. [M2+] = [L] = 1 10-3 M. 
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[PdL1]+ and [PdL2]+ are involved in two and three protonation steps, respectively. 

The equilibrium constants corresponding to log K = 9.46 and log K = 10.19 for [PdL1]+ 

and [PdL2]+, respectively, are too high to be associated with protonation of metal-

coordinated amine groups while they can be assigned to protonation of metal-free 

deprotonated amine groups, in agreement with the UV spectral variations observed 

for these complexes in the alkaline zone (Figure 3.4-13). UV spectra also show that, 

in the acidic region, protonation corresponding to the smallest equilibrium 

constants (log K = 2.2 and 2.5, Table 2) occurs on the pyrimidine group. In the case 

of [PdL2]+, there is an intermediate protonation step (log K = 7.0) corresponding to 

protonation of the additional amine group in the chain connecting the macrocycle 

and the pyrimidine moieties of HL2, which is expected not to be coordinated, as the 

basicity of this amine group in the complex is relatively close to that of the same 

group in the free ligand (log K = 8.64, Table 3.4-1). 

Figure 3.4-13. UV spectra of HL1 (left) and HL2 (right) complexes with Pd2+ at different pH values. 
[M2+] = [HL1] = 5×10−5 M. 

 



78 

An interesting point regards the number of donor atoms used by HL1 and HL2 to 

bind Pd(II). As pointed out before (cf. 3.4.1), all the solved [ML]2+ crystal structures 

for metal complexes of the parent ligands 1 (M = Cu(II)) and 2 (M = Mn(II), Ni(II), 

Cu(II), Zn(II)), together with the structure of [Cu(HL1)](ClO4)2 (cf. 3.4.2.3), show the 

macrocycle in a folded conformation. As observed above, in the case of the square 

planar Pd(II) complexes it seems that there is no participation of donor atoms of the 

appended chains in metal coordination, thus, if the macrocyclic ring of the ligand 

would assume the expected folded conformation, only three out of the four 

macrocyclic nitrogen atoms would be coordinated to Pd(II) (Figure 3.4-14). 

Figure 3.4-14. Proposed coordination scheme for Pd(II)- HL1 and Pd(II)-HL2 complexes. 

To get information on this point, solutions containing equimolar quantities of ligand 

and [PdCl4]2- were equilibrated at pH 4.0 and 298 K within ten days, for both HL1 

and HL2. The UV-Vis spectra of the mixtures were monitored daily: no variations 

were observed after four days. The concentration of free Cl- was then determined 

by means of ion chromatography evidencing that only three chloride anions were 

released by [PdCl4]2- upon coordination. Accordingly, we must assume that in these 

complexes Pd(II) is coordinated to three macrocyclic nitrogen atoms and one Cl- 

anion, as sketched out in Figure 3.4-14. 

Pd 

Pd 

Cl 
Cl 
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3.4.3 Surface Decoration of CNTs 

3.4.3.1 Experimental 

The work herein presented was performed using thin multi-walled CNTs (MWCNTs) 

with metal oxides content ≤ 5%, purchased from Nanocyl (Ref 3100) and used as 

received. Since the substrate has been characterized in previous studies, its 

properties will be only briefly examined in the following: the eager Reader is 

addressed to ref [43]. 

HL1 and HL2 were the focal point of the adsorption studies, HL3 being set aside, at 

present, mainly due to the kinetic inertness toward metal ion complexation 

exhibited in the preliminary solution studies.  

3.4.3.1.1 HL1 and HL2 Adsorption on MWCNTs 

The equilibrium time for the adsorption of HL2 on CNTs was determined 

experimentally by kinetic measurements, reasoning that, since the three ligands 

share the same pyrimidinic anchoring group and HL2 possesses the most hydrophilic 

and conformationally flexible functional unit, its kinetic behaviour would offer 

guidance also for the other ligands. The data points were obtained by mixing 0.0250 

g of the adsorbent with 25 mL of a 10-3 M aqueous solution of the adsorbate at a 

given initial pH value. The obtained suspension was kept at 298.1 K under 

continuous shaking while concentration of the adsorbate was regularly monitored 

by checking its UV-absorbance at the isosbestic point (304 nm for HL2, cf. Figure 

3.4-4) until the equilibrium was reached. 

As it can be seen from the obtained data, reported in Figure 3.4-15, the adsorption 

process is quite rapid for HL2, taking place in the hour time scale, nevertheless we 

decided to wait 3 days as a precautionary timespan to make sure that the adsorption 

of the ligands completely segregates CNTs’ bundles, thus allowing for the 

functionalization of the whole surface. 

The adsorption isotherms were obtained under the same conditions (298.1 K, 

0.0250 g of adsorbent suspended in 25 mL of the appropriate solution of the 

adsorbate at the chosen pH value). The ligand concentration values ranged from 

8×10-5 M to 2×10-3 M. The samples were shaken in a thermostatic air-incubator until 

the determined equilibrium time was reached. Desorption isotherms of the ligands 

from the MWCNT/HL1 and MWCNT/HL2 hybrid materials were obtained point-by-

point from the adsorption isotherms, recovering, drying, weighting and re-

suspending the solid in water, maintaining a 1 mg of material/1 mL water ratio, then 

following a similar procedure to that described for the adsorption isotherms. 
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Figure 3.4-15. Kinetic plot for the adsorption of HL2 onto MWCNTs. 

 

3.4.3.1.2 Determination of the Surface Charge Density of MWCNT/HL1 and 

MWCNT/HL2 

The surface charge density (Q in mmol H+/g of adsorbent) of both materials was 

determined by a method based on potentiometric titration data, following an 

already described procedure. [42] 

Q was calculated by means of the equation  𝑄 =
1

𝑚
(𝑉0 + 𝑉𝑡)([𝐻]𝑖 − [𝑂𝐻]𝑖 −

[𝐻]𝑒 + [𝑂𝐻]𝑒), where V0 and Vt are the volumes of initial solution and titrant, 

respectively, and m is the mass of the adsorbent. Subscripts i and e refer to the initial 

and equilibrium concentration of protons or hydroxyl ions. The proton isotherms 

are obtained by plotting Q vs equilibrium pHs. 
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3.4.3.1.3 Preparation of the MWCNTS/HL1-Pd and MWCNTs/HL2-Pd Catalysts 

The two catalysts, MWCNT/HL1-Pd and MWCNT/HL2-Pd, were prepared following 

a two-step procedure (cf. 3.2.4). First, we prepared MWCNT/HL1 and MWCNT/HL2 

materials, adsorbing the ligands on commercial CNTs (Thin MWCNTs Nanocyl, Ref 

3100, Spain, with metal oxides content ≤ 5%). This was accomplished according to 

the following procedure for both ligands: 0.5 g of the adsorbent were mixed with 

500 mL of 10-3 M aqueous solution of the ligand at pH = 7.5 in a plastic flask. This pH 

value was proved to be the optimum for the highest irreversible loading of the 

ligand. The flask was shaken in an air-thermostated bath at 298.1 K until the 

adsorption equilibrium was reached (3 days). The obtained solids, MWCNT/HL1 and 

MWCNT/HL2, were separated by filtration, washed repeatedly with distilled water 

and dried into a desiccator. The final amount of adsorbent per gram of adsorbate 

was quantified in 0.36 mmol of HL1 and 0.31 mmol of HL2 per g of CNT, respectively. 

In the second step, MWCNT/HL1-Pd and MWCNT/HL2-Pd catalysts were prepared 

by coordination of Pd(II), as K2PdCl4, on the appropriate CNT/ligand material. 

Accordingly, 0.5 g of the corresponding CNT/ligand material were mixed in a suitable 

plastic flask with 500 mL of a 1 M KCl aqueous solution containing K2PdCl4 5×10-4 M, 

whose pH had been adjusted to 5.0 through HCl addition. pH 5.0 was selected as 

the best compromise between the minimization of proton competition towards the 

coordination of Pd(II) with the amino groups of the ligands and the avoidance of the 

formation of Pd(II) hydroxy-species, that, at this pH value, are not yet formed (i.e. 

all the Pd(II) is present as [PdCl4]2-). The suspensions were shaken in an air-

thermostated bath at 298.1 K within four days until the adsorption equilibrium was 

reached (i.e. when the UV absorbance of the Pd(II) solution at λ = 474 nm remained 

constant over time). Finally, the amount of adsorbed Pd(II) was determined as the 

difference between the initial and final absorbances at λ = 474 nm: 0.45 mmol of Pd 

per gram of CNT/HL1 and 0.40 mmol per gram of CNT/HL2 were assessed. 
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3.4.3.1.4 General Procedure for the Sonogashira Reaction 

A mixture of iodobenzene (1 mmol), phenylacetylene (1 mmol), Et3N (2 mmol), H2O 

(1 mL) and the catalyst (22 mg of MWCNT/HL1-Pd or 25 mg of MWCNT/HL2-Pd, 

relationship reactants/Pd(II) = 100) was stirred under aerobic conditions at a 

constant temperature (30, 50 or 70 °C). The progress of the reaction was monitored 

by gas chromatography (GC). After completion, CHCl3 (10 mL) was added to the 

reaction mixture and the catalyst was recovered by filtration and washed with CHCl3 

(2 x 5 mL) and H2O (2 x 5 mL). The aqueous and organic layers were separated 

through a separatory funnel. The organic layer was dried over anhydrous MgSO4. 

The analysis of the reaction products in the organic phase was performed by GC 

using a 7820A Agilent GC System chromatograph, with an Agilent 190915-433 

column, 30 m × 250 µm × 25 µm and a flame ionization detector (FID). The recovered 

catalyst was reused for another batch of the same reaction. The process was 

repeated for three additional runs. 

3.4.3.1.5 Cu(II) and Zn(II) Adsorption on MWCNTs/HL1 

Adsorption isotherms of Cu(II) and Zn(II) ions on MWCNTs and MWCNT/HL1 

adsorbents were carried out at 298.1 K, according to a previously reported 

experimental procedure [44]. In typical conditions, 0.050 g of each adsorbent were 

put in contact with 25 mL of an aqueous solution of the corresponding metal-

dichloride at pH 5.0. The samples were shaken in a thermostated air-incubator until 

the equilibrium was reached (5 days). The adsorbate concentration ranged from 

1×10-4 M to 1.7×10-3 M. The concentration of the ions was determined by atomic 

absorption spectrometry, using a Perkin-Elmer Aanalyst 800 equipment. The 

analysis of the equilibrium solutions allowed us to check that HL1 was not desorbed 

when the MWCNT/HL1 hybrid material was used as adsorbent. 

3.4.3.1.6 Preparation of MWCNT/HL1-Cu(0) 

43.9 mg of MWCNT/HL1-Cu (containing 0.157 mmol of Cu2+/g MWCNT/HL1), 

obtained from the adsorption isotherm experiment (see above), were suspended in 

10 mL of water and added 22 mg of NaBH4, (molar Cu2+/NaBH4 = 1/80). The mixture 

was left to react under stirring during 2 hours at room temperature. Afterwards, the 

resulting solid was separated by filtration, washed repeatedly with doubly distilled 

water and dried in a desiccator under silica to constant weight. 
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3.4.3.2 Results and Discussion 

3.4.3.2.1 Characterization of the MWCNTs/HL1-Pd and MWCNTs/HL2-Pd Catalysts 

The data on the bare graphitic support are sketched below: for a detailed analysis 

of the properties of the employed MWCNTs the Reader is addressed to a previous 

paper [43]. The used MWCNTs have C as the main constituent (≈96.0 %), H (≈0.3%) 

and little oxygen content as the only heteroatomic component (≈3.6%). Negligible 

amounts of various metal oxides residues, such as chromium, nickel and cobalt, are 

also present. 

The adsorption-desorption isotherms of N2, determined at 77 K, on MWCNT/HL1-

Pd and MWCNT/HL2-Pd, together with the one for the bare MWCNT, appear in 

Figure 3.4-16. 

Figure 3.4-16. Nitrogen adsorption-desorption isotherms for selected preparation stages of the hybrid 
materials. 
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Although little N2 adsorptions are observed at very low pressures, as in type I 

isotherms, they are of no account, indicating that the microporosity of the material 

is irrelevant. Instead, a strong increasing adsorption prevails with a hysteresis loop 

at high relative pressures, which is typical of type II isotherms, indicating the 

existence of meso- and macropores with wide distribution sizes, which is consistent 

with the aggregation of CNTs in bundles. The BET external surface area (determined 

by applying the BET equation to the N2 adsorption data) associated to the wide 

pores of the pristine CNTs, 221 m2/g, decreases upon adsorption of the ligands, to 

198 m2/g in the case of HL1 and 188 m2/g in the HL2. These data are consistent with 

the adsorption of the ligands by π-π interactions of their pyrimidine residues with 

the arene centres of the external surface of the CNTs. Despite the slightly smaller 

molar amount of adsorbed HL2 per gram of CNTs (0.31 mmol/g) compared to HL1 

(0.36 mmol/g), the larger molecular size of the former determines the observed 

lower BET surface area of MWCNT/HL2 in respect to MWCNT/HL1. 

The adsorption and desorption isotherms of HL1 and HL2 on CNTs at pH 4.0 and 7.5 

are reported in Figure 3.4-17: the manifest high irreversibility of the adsorption 

processes indicates strong ligand-CNT surface interaction. 

 

Figure 3.4-17. Adsorption-desorption isotherms of HL1 (a) and HL2 (b) on MWCNTs at selected pH 
values. 

All adsorption isotherms fit the type 1 of the Giles classification, indicating a 

predominant adsorption mechanism. One can also see how the adsorption capacity 

of CNTs increases slightly with pH for both ligands: this is due to the number of 

protonated groups in the polyaminic chains attached to the pyrimidine, which 

decrease, along with the strength of the ligand-solvent interaction, as the pH 

increases. These features are consistent with the adsorption of the ligands by π-π 

interactions between the heterocyclic moiety of the ligands and the arene centres, 

Cπ, at the CNT surface as previously observed for analogous ligands on graphitized 

ACs. 
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Profile of surface charge density Q (mmol(H+)/g) versus pH are reported in Figure 

3.4-18 for both functionalized materials, MWCNT/HL1 and MWCNT/HL2, and 

pristine MWCNTs. Applying the SAIEUS method the respective pKa versus pH profiles 

were obtained. 

 

Figure 3.4-18. Plots of surface charge density Q (mmol H+/g) vs pH and corresponding distributions of 
acidity constants, f(pKa), for MWCNTs (top), MWCNTs-HL1 (middle) and MWCNTs/HL2 (bottom). 
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The plot obtained for pristine CNTs is consistent with the existence of carboxyl 

groups (pKa ≈ 3) and weakly acidic phenol, lactone and anhydride functions (pKa ≈ 9-

10). Furthermore, the peak at pKa ≈ 6.5 is due to the protonation of the arene 

centres of the CNTs surface. Concerning the hybrid materials, the Q vs pH plots 

already show how their positive surface charge densities are higher than that of the 

bare CNTs in a wide pH range (3.0-10.0), due to the protonation of the polyamine 

functions of the anchored ligands. The pKa vs pH profiles of MWCNT/HL1 and 

MWCNT/HL2 (Figure 3.4-18), approximately investigated in the 3.0-10.5 pH range, 

show no signs of the protonation of C(5)- NO groups of the pyrimidine moieties of 

the adsorbed ligands (log K 2.3 and 2.2 for the free ligands HL1 and HL2, respectively, 

see Table 3.4-1): such evidences suggest that the protonation of those sites is 

probably hindered due to π-π interactions. Concerning the other protonation steps 

of the polyamine moieties of the adsorbed ligands, they take place at substantially 

lower pH values than those observed for the free molecules in solution, indicating a 

decreasing of the overall basicity of such moieties (cf. Table 3.4-1 and Figure 

3.4-18). This can probably be rationalized in terms of different conformation of the 

ligands in solution and at CNTs surface, where an elongated arrangement is required 

to optimize the stacking interactions, thus hampering to some extent the 

protonation of such groups. 

The XPS spectra of the ligands in the N1s region (Figure 3.4-19) consist of a main 

peak at about 397.0 eV, pertaining to the aliphatic nitrogen atoms, with shoulders 

(398.1 eV and 397.5 eV for HL1 and HL2 respectively) relating to the aromatic 

nitrogen atoms. 
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Figure 3.4-19. High resolution N1s XPS spectra for selected preparation steps of the catalysts. 

After adsorption of the ligands on CNTs surface, both components of the N1s signal 

shift to higher binding energy values (Figure 3.4-19). In the case of the aromatic 

components, referring to both the pyridine and pyrimidine rings, the shift may 

indicate a strong plane-to-plane Cπ-pyrimidine interaction, the interacting sites 

being compressed one onto the other resulting in local repulsion of the adjoined π 

clouds of both moieties, thus deshielding the N atoms of the pyrimidine. This 

hypothesis is reinforced by the observation of similar shifts in the binding energies 

of the C and O atoms of the pyrimidinic ring. These effects are similar to those 

previously observed with other analogous ligands when adsorbed on graphitized 

ACs and CNTs. The shift of the aliphatic N atoms, together with the pyridinic 
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component of the aromatic ones, indicates a change in their chemical environments 

due to the adsorption process, suggesting changes in the protonation degree of such 

moieties.  

After adsorption of [PdCl4]2- on the hybrid materials, the binding energy values of 

the aromatic subunits are almost unmodified, whereas those of the aliphatic 

moieties increase from 399.6 eV to 400.6 eV for MWCNT/HL1 and from 399.7 eV to 

400.6 eV for MWCNT/HL2 (Figure 3.4-19). This points out that Pd(II) ions are 

complexed by the polyaminic portions of the adsorbed ligands, the increased 

deshielding of the aliphatic nitrogen atoms being due to the coordination of the 

metal cations.  

Concerning the oxidation state of Pd, XPS spectra of MWCNT/HL1-Pd and 

MWCNT/HL2-Pd (Figure 3.4-20) show two signals in the Pd 3d region (343.5 and 

338.2 eV) which are characteristics of Pd(II), discarding any reduction to Pd(0). 

 
Figure 3.4-20.  High resolution XPS spectra of the catalysts useful for the assessment of the nature of 
the anchored Pd-complex species: top, spectra in the Pd 3d5/2 and Pd 3d3/2 regions, bottom, spectra in 
the Cl 2p3/2 and Cl 2p1/2 regions, showing the deconvolution of the twofold peaks into distinct signals. 
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As the molar amounts of adsorbed Pd(II) are always close to those of adsorbed 

ligand, for both HL1 and HL2, it is safe to conclude that most, if not all, [PdCl4]2- is 

adsorbed via complexation of the palladium ion to the polyamine moieties of the 

ligands. Inspection of Cl/Pd molar ratio, from Pd and Cl signals of the XPS spectra of 

both catalysts (Figure 3.4-20), reveals that such ratio is invariably very close to 2, 

reinforcing the idea that the metal is bound to the ligand. Moreover, further insight 

into the nature of the formed complex could be gained by close inspection of Cl XPS 

spectra. The two peaks at 198.0 and 199.6 eV, assigned to electrons from 2p3/2 and 

2p1/2 states respectively, both possess a shoulder peak of higher energy (198.5 and 

200.1 eV severally) (Figure 3.4-20); the twofold nature of such peaks correlates with 

the presence of two distinct chloride anions: the first bound to Pd(II) ion, acting as 

its fourth donor, the latter being retained upon complexation of Pd(II) to guarantee 

charge neutrality. This, corroborated by the evidences from the coordination 

behaviour observed in the solution studies of the free ligands, proofs that both HL1 

and HL2, adsorbed on CNTs or not, function as N-tridentate ligands towards Pd(II), 

leading to complexes with an activated position occupied by a chloride anion. 

The values of the BET surface areas of the functionalized materials reveal changes 

in the conformations of the polyaminic chains upon Pd(II) complexation. In the case 

of MWCNT/HL1, the BET surface area diminishes significantly after the coordination 

of the metal (from 198 m2/g of the precursor to 179 m2/g), while for MWCNT/HL2 

there is barely a detectable difference (from 188 to 183 m2/g). This can be 

rationalized considering the tendency of the formed square-planar Pd(II) complexes 

to interact with CNTs surface by Cπ-dπ interactions, which should result in a 

decrease of the BET surface area. Such interaction justifies both the data for HL1 

and HL2: for the first ligand, the required folding of the polyaminic chain is not 

hindered, resulting in the interaction of the Pd(II)-macrocycle complex with the 

graphitic surface which actively reduces the surface area; in the case of HL2, the 

possible formation of such interactions is thought to be hindered both by the 

electrostatic interaction with the additional ammonium group in the side chain, 

which in Pd(II) adsorption conditions (pH 5.0) is expected to be protonated (log 

K=7.0 for the free complex, see Table 3.4-1), and by the higher loss of 

conformational entropy of the chain required to establish Cπ-dπ contacts compared 

to the shorter HL1. Thus, in this latter case, the variation of the BET surface area 

upon Pd(II) complexation is found to be very modest. 
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3.4.3.2.2 The Sonogashira Carbon-Carbon Coupling Reaction 

The catalytic activity of MWCNT/HL1–Pd and MWCNT/HL2–Pd materials towards 

the copper-free Sonogashira reaction between iodobenzene and phenylacetylene 

(1:1 molar relationship) using water as solvent and triethylamine as base was tested 

at three different temperatures (30, 50 and 70° C). The catalysed process proceeds 

in all cases, although with significant differences (see Table 3.4-7). 

Table 3.4-7. Catalytic assays of the two catalysts towards the Cu-free Sonogashira coupling between 
iodobenzene and phenylacetylene (1 mmol of each, 1 ml H2O, 2 mmol Et3N, 1% mol Pd). 

 

 

 

 

 

 

 

 

 

a At this temperature desorption of the anchored HL2-Pd complex was observed. 

At 30° C, the reaction was not completed until 3 days. This high reaction time could 

be attributed to the extreme insolubility of the reactants in water, preventing their 

diffusion to the polar active-centres. Then, the reaction was assayed at 50° C. At this 

temperature, although the solubility of the reactants in water is still poor, probably 

acting as a limiting kinetic factor, the C-C coupling reaction was completed in 2 

hours: 90% of conversion of the reactants into diphenyl acetylene was achieved in 

the case of MWCNT/HL1-Pd and 94% for MWCNT/HL2-Pd, moreover without 

formation of any other by-product. Kinetic plots for the reaction at this temperature 

are reported in Figure 3.4-21. 

 

 

 

 

Catalyst T(° C) Cycle Time Yield (%) 

MWCNT/HL1-Pd 
 

30 1 3 d 88 

50 1 2 h 90 
 2 8 h 86 
 3 8 h 80 
 4 24 h 80 

70 1 2 h 84 
     
MWCNT/HL2-Pd 
 

30 1 3 d 87 

50 1 2 h 94 

 2 16 h 92 

 3 24 h 76 

 4 24 h 66 

70a  2 h 83 
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Figure 3.4-21. Kinetic plots for fresh and reused catalysts, assessing their catalytic performances 
towards the Cu-free Sonogashira Cross coupling at 50° C. 

The calculated TOF values (mmol of reactants/mmol Pd(II)-amino complexes 

transformed per second) were 0.021 s-1 and 0.024 s-1 for MWCNT/HL1-Pd and 

MWCNT/HL2-Pd, respectively. The shortened equilibrium times, even at lower 

temperature, than most proposed Pd(II)-based heterogeneous catalysts, (cf. 

Appendix F) along with the high yields obtained, are probably due to the easy 

accessibility of the catalytic active centres, reinforced by their homogeneous 

dispersion over the whole external surface of the CNTs. 

It should also be mentioned that, after recovering the catalysts by simple filtration 

methods and washing them with chloroform and water, their XPS spectra still 

showed traces of adsorbed iodobenzene. This points out that the partial adsorption 
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of iodobenzene on the CNTs surface likely prevents reaching 100% conversion in 

both cases. 

To explore the influence of higher temperatures on the coupling, tests were also 

carried out at 70° C. In the case of both catalysts, neither the yields nor the 

equilibrium times improved from the 50° C assay. Moreover, in the case of 

MWCNT/HL2-Pd, a significant lixiviation of the anchored complex was observed, 

which became evident as a pink colour appeared in the aqueous phase. For these 

reasons, the catalysts were not reused for additional cycles at this temperature. 

Nevertheless, this should be regarded as an important result, since such behaviour 

demonstrates the heterogeneous nature of the catalyst, as an increased desorption 

of the Pd-HL2 complex not only does not improve the yield, but lowers it. 

The studied C-C coupling reaction, was also carried out i) without any catalyst, ii) 

with the MWCNTs used as support of the catalysts, iii) with MWCNT/HL1 and 

MWCNT/HL2, but no reaction was observed in any of such cases. In addition, the 

catalytic activity of a MWCNT/[PdCl4]2- material, consisting of [PdCl4]2- directly 

adsorbed on CNTs, was assessed at 50° C. In this case, the C-C coupling reaction did 

take place, with an equilibrium time of 24 hours, after which a 78% of conversion of 

the reactants in diphenylacetylene was reached. 

3.4.3.2.3 Reusability of the Catalysts 

The re-usability of the two heterogeneous catalysts was tested for the above 

Sonogashira coupling reaction under the same conditions: three additional runs 

were carried out after the first one. After each cycle, the catalysts were separated 

by filtration, washed thoroughly with chloroform and water and dried before 

reusing. As one can see in Table 3.4-7, the catalysts maintain a good catalytic activity 

through the four reaction cycles. In the second reaction cycle the yields of the 

reactions are close to those of the first run. For MWCNT/HL1-Pd catalyst, the yield 

decreases to 80% in the third cycle, value which is maintained in the fourth reaction. 

In the case of MWCNT/HL2-Pd, a higher decrease of the catalytic activity is observed 

after the second reaction, as the yields start to decrease with each cycle. Parallel to 

the above, a significant increase of the equilibrium times was observed for both 

catalysts after the first run (Figure 3.4-21), this effect being again sharper for 

MWCNT/HL2-Pd than for MWCNT/HL1-Pd. 

To get insight into the possible causes of this behaviour, the catalysts were 

characterized after each cycle to detect any possible modification occurring under 

their repeated use. The elemental analyses of the catalysts reveal nitrogen losses 

with each use, obviously involving the corresponding ligands HL1 and HL2, which 

are more substantial for MWCNT/HL2-Pd than for MWCNT/HL1-Pd (Table 3.4-8). 
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Table 3.4-8. Correlation between the elemental analyses of the two catalysts and their catalytic 
properties under repeated use. 

Catalyst T(° C) Time (h) Cycle Yield (%) N (%) C (%) H (%) 

MWCNT/HL1-Pd 
 

50 2 1 90 3.15 88.4 0.81 
50 8 2 86 2.47 91.9 1.04 
50 8 3 80 2.04 92.0 0.94 
50 24 4 80 1.96 89.4 0.93 

        
MWCNT/HL2-Pd 50 2 1 94 3.20 89.2 0.79 

50 16 2 92 2.02 90.0 0.93 
50 24 3 76 1.98 88.1 0.95 
50 24 4 66 1.70 88.6 0.93 

 

Such decreasing is sharper in the earliest cycles, after which the nitrogen content 

almost remains stable. It should be noted how the catalytic activities of the material 

decreases in parallel with the nitrogen losses they suffer. Very scarce amounts of 

Pd(0) nanoparticles were observed in the TEM images of reused MWCNT/HL1-Pd 

catalyst, while none could be found in the case of MWCNT/HL2-Pd (Figure 3.4-22): 

this might be due to the superior stability of HL2-Pd complexes or to the different 

number of donor atoms in the ligands. According to the proposed mechanism for 

the copper-free Sonogashira reaction, the presence of Pd(0) should be related to 

the formation of a Pd(0) complex as an intermediate species during the catalyzed 

process. 

 
Figure 3.4-22. TEM Images of MWCNT/HL1-Pd 4th cycle (left) and MWCNT/HL2-Pd 4th cycle (right). 
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Nevertheless, the XPS spectra of the materials in the Pd region, collected after each 

cycle (Figure 3.4-23), show signals at similar values than in the fresh catalysts, i.e. 

343.5 and 338.2 eV, discarding the reduction of Pd(II) to Pd(0) as a possible cause of 

the deactivation of the catalysts, which seems better to be related to nitrogen 

losses. 

Figure 3.4-23. High resolution XPS spectra in the Pd 3d5/2 and Pd 3d3/2 of fresh and re-used catalysts. 
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Furthermore, the ratio between the intensities of N 1s and Pd 3d signals in the XPS 

spectra of re-used catalysts remains similar to that of the fresh ones. This clearly 

suggests that the deactivation of the catalysts is due to the lixiviation of the 

anchored HL1-Pd and HL2-Pd complexes during the reactions. The mechanism of 

loss of catalytic centres, however, appears different from what some of us 

previously observed in the case of hydrogenation reactions with AC-supported Pd(II) 

amino complexes, where pyrimidine residues stuck to the graphitic walls while the 

appended chain was partially lost due to solvolysis of the C(2)Pyrimidine-NH bond. In 

those cases, the solvolysis was thought to be promoted by the stereochemical 

restrictions suffered by molecules adsorbed in the micropores of the carbonaceous 

support. The lack of microporosity in our CNTs-based systems, along with the steady 

N/Pd ratio observed, lead to the conclusion that the partial lixiviation of catalytic 

centres observed in this study should be attributed to the competition of the 

hydrophobic molecules (phenylbenzene, iodobenzene and phenylacetylene) with 

the adsorbed HL1-Pd and HL2-Pd complexes for the Cπ centres of the CNT surface. 

3.4.3.2.4 Adsorption of Cu(II) and Zn(II) by MWCNT/HL1 

To explore the ability of MWCNTs functionalized with these macrocyclic ligands to 

adsorb metal ions other than the already discussed Pd(II), which forms very stable 

and inert complexes, we checked the MWCNT-HL1/Cu(II) and MWCNT-HL1/Zn(II) 

systems. According to the procedure described above (cf. 3.4.3.1), hybrid MWCNT-

HL1 material, containing 0.36 mmol of HL1 per g of MWCNT, was prepared by 

shaking at 298 K a suspension of MWCNT (0.5 g) in an aqueous 10-3 M HL1 solution 

(500 cm3) at pH 7.5 during three days to reach the maximum load of HL1. The 

MWCNT-HL1 material, resulting after filtration of the equilibrated suspension, 

water washing and drying, was employed for the Cu(II) and Zn(II) adsorption tests.  

The adsorption isotherms of Cu(II) and Zn(II) ions on MWCNTs and MWCNT-HL1 

adsorbents, obtained in water at 298.1 K and pH = 5.0 are shown in Figure 3.4-24. 

The analysis of the equilibrium solutions allowed us to check that HL1 was not 

desorbed in the experiments involving MWCNT-HL1. All the adsorption isotherms 

were fit to the linear form of the Langmuir Equation (except that of the 

MWCNT/Zn(II) system, see below), where Ce is the adsorbate equilibrium 

concentration, X is the amount adsorbed, Xm is the maximum adsorption capacity 

and KL is the Langmuir constant, defining the position of the adsorption equilibrium. 

1

𝑋
=

1

𝐾𝐿𝑋𝑚𝐶𝑒
+
1

𝑋𝑚
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Figure 3.4-24. Adsorption isotherms of Cu(II) and Zn(II) on MWCNT and MWCNT/HL1 adsorbents at 

pH 5.0. 

As shown in Figure 3.4-24, at pH = 5.0, the pristine MWCNTs bind Cu(II) at a 

significant extent, with a maximum adsorption capacity, calculated from the above 

equation, Xm = 0.13(1) mmol per gram of adsorbent. In contrast, in the case of Zn(II) 

the adsorption is insignificant. The results can be explained by considering that the 

adsorption of a metal ion from aqueous solution onto a graphene surface takes 

place by interactions of Cπ(a soft base)-dπ type which is expected to be stronger for 

the acidic Cu(II) than for Zn(II). 

The Cu(II) and Zn(II) loads increase significantly upon functionalization of the 

MWCNTs with HL1. In the case of Cu(II), the Xm value increases up to 0.24(1) mmol/g, 

relative to MWCNT-HL1, while in the case of Zn(II) it also increases significantly from 

c.a. zero to 0.080(4) mmol/g (Figure 3.4-24). As discussed above (cf. 3.4.3.2.1), the 

characterization of MWCNT-HL1 showed that π-π stacking interaction of the 

pyrimidine moiety of the adsorbed HL1 with the Cπ centres of MWCNT results in the 

loss of (Brönsted) basicity by the pyrimidine-conjugate C(5)-NO group, while the 

basicity of the polyamine function is preserved to a good extent, allowing the 

adsorption,  via complexation, of Pd(II) ions by MWCNT-HL1. Accordingly, also the 

adsorptivity enhancement observed for MWCNT-HL1 with Cu(II) and Zn(II), relative 

to pristine MWCNT, is owed to metal coordination to the macrocyclic moiety of HL1. 

Indeed, like in the case of Pd(II), upon adsorption of Cu(II) by MWCNT-HL1, the 

aliphatic component of the XPS N 1s signal corresponding to the polyamine moiety 

(Figure 3.4-25) shifts to higher B. E. values, compared with the metal-free MWCNT-
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HL1, in agreement with the high strength of the Cu(II)-polyamine interaction (Table 

3.4-2). On the contrary, in the case of MWCNT-H1L-Zn(II), the N1s component of the 

XPS spectrum shifts to lower B. E. values. The latter effect, which is opposite to those 

observed with Cu(II) and Pd(II), can be ascribed to the fact that the binding of Zn(II) 

to HL1 polyamine nitrogen atoms in MWCNT-HL1-Zn is weaker than the binding of 

protons by MWCNT-HL1 at the working pH (5.0). In fact, the equilibrium data for the 

HL1-Zn(II) system (cf. Table 3.4-2 and Figure 3.4-24) show that, at pH = 5.0, ligand 

protonation competes efficiently with Zn(II) coordination. 

Figure 3.4-25. High resolution N 1s spectra of MWCNT/HL1 and its prepared Cu and Zn derivatives. 

The presence, in the Cu 2p range of the XPS spectrum of MWCNT-HL1-Cu(II), of a 

single peak at 933.6 eV with a satellite at 944.0 eV (corresponding to the release of 

Cu 2p3/2 electrons) and of another peak at 953.9 eV (assigned to Cu 2p1/2 electrons), 

typical of Cu(II), discards any metal reduction during the adsorption process and 

suggests that all copper is adsorbed as Cu(II) coordinated to the polyamine (Figure 

3.4-26). In the case of MWCNT-HL1-Zn(II), the presence of Zn(II) is confirmed by a 

well-defined XPS signal at 1020.1 eV corresponding to the release of Zn 2p3/2 

electrons (Figure 3.4-27). 
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Figure 3.4-26. High resolution XPS spectrum in the Cu 2p region of MWCNT/HL1/Cu. 

Figure 3.4-27. High resolution XPS spectrum in the Zn 2p region of MWCNT/HL1/Zn. 
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According to the equilibrium data (Table 3.4-2) for the formation of HL1 complexes 

with Cu(II), the ligand environment of the coordinated Cu(II) in MWCNT-HL1-Cu(II) 

should be formed by four polyamine nitrogen atoms, which leave space for the 

additional coordination of water molecules or/and hydroxyl groups. The presence 

of hydroxyl ligands coordinated to Cu(II) in MWCNT-HL1-Cu(II) is suggested by the 

quantitative analysis of its XPS spectrum, which provides an atomic relationship 

Cu/Cl ≈ 2/1. As charge neutrality requires two negative charges for each Cu(II) in the 

sample, it seems likely that the missing Cl- ions were replaced by OH- groups upon 

the repeated washing of MWCNT-HL1-Cu(II) performed in the final stage of its 

preparation (cf. 3.4.3.1).  A similar conclusion is reached in the case of MWCNT-HL1-

Zn(II), for which the Zn/Cl atomic relationship obtained from its XPS spectrum is also 

≈ 2/1. Thus, Zn(II) adsorbed in this material should be complexed by the ligand 

polyamine moiety (although less strongly coordinated than in the case of Cu (II)) and 

by additional water molecules and/or hydroxyl groups.  

Metal ions adsorption by a polyamine-complexation mechanism explains that the 

Xm values of MWCNT-HL1 with Zn(II) and Cu(II) at pH = 5.0, follow the same trend of 

the corresponding effective stability constants (Keff) at this pH (log Keff = 4.48 for 

Zn(II) and log Keff = 9.33 for Cu (II)). In the case of other metal ions such as Pd(II), 

which is expected to form more stable complexes with HL1 than Zn(II) and Cu(II), 

the adsorption capacity of MWCNT-HL1 is also much higher. 

3.4.3.2.5 Formation of Cu(0) Nanoparticles Supported onto MWCNTs 

As observed in the case of Pd(II) for MWCNTs/HL1 and MWCNTs/HL2, as well as in 

other previous studies [45], the catalytic efficiency and the robustness of the 

catalysts increase with the binding ability of surface functions. On this basis and on 

account of the implication of Cu-based nanoparticles as catalysts in a wide range of 

reactions, we found it interesting to test the possibility of obtaining functionalized 

MWCNTs with surface-stabilized Cu(0) nanoparticles by using our hybrid materials. 

To this purpose, a MWCNT-HL1-Cu(II) sample was treated with NaBH4 by following 

the procedure described in 3.4.3.1. The XPS of this sample showed the lack of Cu(II) 

peaks and the appearance of two peaks at 951.0 eV and 930.1 eV corresponding to 

Cu(0) 2p1/2 and Cu(0) 2p3/2, respectively, indicating quantitative reduction of Cu(II) 

to Cu(0) (Figure 3.4-28). 
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Figure 3.4-28. High resolution XPS spectrum in the Cu 2p region of MWCNT/HL1/Cu(0). 

Reduction is also accompanied by a loss of oxygen from 2.75 to 2.15 atomic percent, 

which can be ascribed to the removal of water and hydroxyl ligands. It is very 

significant that the nitrogen content after reduction remains unchanged (3.09 and 

3.04 atom percent for unreduced and reduced MWCNT/HL1-Cu, respectively) as 

also occurs for the Cu one (0.35 and 0.34 atom percent for unreduced and reduced 

MWCNT/HL1-Cu, respectively). This shows that, despite the relatively drastic 

conditions used for the reduction, neither HL1 nor Cu lixiviate during sample 

reduction and successive repeated washing, pointing out a significant stability of the 

material. This is not surprising, according to the proven stability of the π-π 

interactions in similar systems. Concerning the Cu(0) nanoparticles, their 

interactions with the MWCNT surface, illustrated by the TEM images in Figure 

3.4-29, are reinforced by interaction with the polyamine residue of HL1 molecules 

protruding from the surface. As a matter of fact, shifting of the XPS N 1s signal to 

significant lower B.E., relative to MWCNT/HL1, suggests that the unprotonated 

polyamine residues of MWCNT/HL1-Cu(0) interact with the surface Cu(0) 

nanoparticles. It is noteworthy that the result obtained by XPS analysis for the Cu(0) 

content of the reduced sample is equal to the Cu(II) content of the parent 

MWCNT/H1L-Cu(II), meaning that such Cu(0) nanoparticles should be very small in 

size. Actually, due to the low penetrating power of the radiation used in the XPS 

analysis, an accurate quantitative determination of metal from nanoparticles, by 

this technique, is only possible for very small nanoparticles (the bigger the 

nanoparticle size, the lower the metal amount detected compared to the real one). 

Indeed, the detected nanoparticles are of size smaller than 5 nm. 
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This is illustrated in Figure 3.4-29, which also shows the uniformity of their size and 

distribution on the external surface of the MWCNTs. 

 

 
Figure 3.4-29. TEM Images of MWCNT/HL1-Cu(0). 

The whole results obtained in this section show that the structural characteristics 

and the stability of both MWCNT/H1L-Cu(II) and MWCNT/H1L-Cu(0) make them 

promising Cu-based materials to be assayed as potential active and robust solid 

catalysts. 
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3.5 CONCLUSIONS AND FUTURE PERSPECTIVES 
On the Palladium side, the gathered experimental evidences strongly support the 

assayed MWCNT/HL1-Pd and MWCNT/HL2-Pd materials as valuable catalysts for 

the Cu-free Sonogashira coupling reaction: as one can easily see comparing the 

obtained results with other candidates (cf. Appendix F), our systems not only rank 

among the first in terms of yields and reaction times, but the conditions (solvent 

and temperature) in which they are capable of such performances are 

unprecedented; such finding deserves to be underlined, especially in an era striving 

for green, sustainable and energy-saving chemical processes. Accordingly, also the 

choices of a carbonaceous support and of a single Pd(II) ion as catalytic active site 

should be stressed as environmentally friendly solutions, adding to the convincing 

heterogeneous nature of our catalysts. 

As documented above (3.4.3.2), the strong points underlying their striking catalytic 

activity reside in the uniformity of the catalytic sites, both in terms of surface 

distribution and chemical environment, which is granted by the supramolecular 

preparation method (cf. 3.2.4). 

Another feature worth mentioning is the choice of the polyaminic ligands, which are 

not only capable of coordinating Pd(II) strongly, forming a macrocyclic complex 

which is mostly stable under re-use even under stern alkaline conditions, but also 

manage to maintain an activated position, occupied by a chloride anion in the free 

complex and in the fresh catalyst, in the metal’s first coordination sphere, which is 

probably crucial for the observed catalytic activity (cf. 3.2.1). 

These promising results encourage the extension of this research to ligands 

possessing more than one pyrimidine moiety to ensure a firmer sorption and 

improve the overall re-usability of these materials, while maintaining the observed 

high catalytic performances. 

Concerning Zn(II) and Cu(II), the adsorption results show how the reactivity of the 

polyamine function of HL1 toward Zn(II) and Cu(II) determines the preferential 

adsorption of these ions on MWCNT/HL1 via coordination to HL1. This determines 

the higher adsorption capacity for Cu(II), than for Zn(II), and gives rise to hybrid 

materials consisting of MWCNTs containing HL1-Cu(II) and HL1-Zn(II) complexes 

homogeneously distributed on the external graphene surface of the MWCNTs. 

In view of the high catalytic efficiency of the Pd(II) derivative, and taking into 

account the high thermodynamic stability of the Cu(II) complex, we expect that 

MWCNT/HL1-Cu(II) might behave as a robust and reusable catalyst for reactions in 

which Cu(II)-based catalysts have proven their efficiency. 
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Moreover, reduction of MWCNT/HL1-Cu(II) provides a Cu(0) nanostructured 

MWCNT hybrid material whose structure and stability are very promising for its 

application in reactions requiring Cu(0)-based catalysts. This will be the focus of 

further research work. 

As a final remark, it should be stated again (cf. 3.1) that the focus of the project lies 

on the methodology, i.e. in demonstrating that proper knowledge of the 

coordination properties of the functional F units with respect to the stereo-

electronic preferences of the metal ion of interest, together with a supramolecular 

attention in designing tectons capable of self-organizing (thus providing an 

accessible way to homogeneously-functionalized surfaces) and a much required 

synthetic simplicity (expressing itself in the Ar-S-F design and the involvement of a 

click-like conjugation to a pyrimidine derivative available on a multigram scale), can 

lead to advancements in most applications requiring the organized decoration of 

graphitic walls. 

What has been done within the framework of this thesis is an important basis to 

affirm this approach, yet, I believe, it was nothing but scratching the surface. The 

goal is having a method to transfer the molecular properties of interest selectively 

to a surface, metal cations do not need to be there, azamacrocycles do not need to 

be there, catalysis may not be the target: once the technique is in place you just 

have your CNT or graphene surface, with all its electrical, mechanical, and 

whatsoever fancy properties intact, and you functionalize it with the molecule of 

choice, also retaining its properties. The limit is in the mind. 
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4 ANION COORDINATION CHEMISTRY 

4.1 RESEARCH OBJECTIVES 
Aim of the anion coordination chemistry part of the present thesis is shedding light 

on the thermodynamic and structural features of anion-π interactions (cf. 1.3.3.2.5) 

in aqueous solution. 

Although the anion-π interaction is nowadays widely recognized and demonstrated 

to play an important role in living beings [46], obtaining conclusive evidences on the 

role of this interaction or clarify the dependence of its thermodynamic parameters 

on the system properties has been proved very difficult, especially in solution. 

This is primarily not a matter of stability, despite the strength of anion-π interaction 

having been underestimated for a while: the problem lies in its own supramolecular 

nature, which makes it cooperative and solvent-dependent (cf. 1.3.3.1.3), thus 

making observing and evaluating a pure, isolated, anion-π interaction, very difficult. 

Concerning the choice of the solvent, one could argue that receptors for anions 

should work better in organic solvents of low polarity, especially when charged 

ligands are employed, due to the reduced solvation of charged species (cf. 

1.3.3.1.1).  

On one side, this is surely true, but there are a few objections that should be raised. 

The first one is that, by reducing the dielectric constant of the medium, the 

countercation becomes a strong competitor, introducing a marked dependence of 

the results on its nature. In second instance, most of the future applications of anion 

recognition and coordination, be it biomedical or environmental, are expected to 

be in water. This per se may not be a valid argument, as thinking outside the box is 

generally a good idea in Science. Yet, if we couple it with the observation that anion 

recognition and binding is routinely performed in vivo, namely in water and in a very 

selective manner, and admit that mankind has yet much to learn from and about 

the functioning of its own cellular mechanisms, undertaking the study in aqueous 

media appears as the most interesting choice. 

Accordingly, we decided to prepare new aromatic hosts, suitable as model systems, 

containing the 1,2,4,5-tetrazine ring as the binding site, being both very amenable 

to anion-π interactions (cf. 1.3.3.2.5) and almost unprecedented concerning its 

study in water due to the poor water solubility of the unfunctionalized heterocycle. 

The study involves anions of various nature, geometry and basicity, with special 

attention devoted to the effect of the solvent. 
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Potential applications, whenever they stem from this chiefly theoretical work, were 

investigated, often revealing intriguing possibilities: I cannot keep myself from 

playing the devil’s advocate and joining the systematically-unheeded cry of 

recognition of that investors’ scarecrow, fund-leeching, autotelic exercise that goes 

under the name of pure research, as a righteous and praiseworthy mean to progress 

theory and stimulate new applications. 

In the following, the material will be organized as follows: 

First, a new family of homologous tetrazine-based ligands will be introduced and 

their own properties will be examined in terms of series. 

In the second instance, an in-depth study of the anion-binding properties of the two 

parents of the series towards typical inorganic anions will be presented. 

In the third place, the same two ligands will be examined concerning their 

interactions with selected organic anions. 

In the fourth case, a case-study involving only one of the ligands and its interactions 

with the whole series of halide anions will be presented. 

Lastly, owing much to the study with iodide, the interactions of said ligands with 

polyiodide species will be debated, also in view of their possible technological 

applications. 

On a final note, much of the data showcased below are still unpublished, however 

a few papers disclosing some of the research results were already published and are 

here re-proposed as reference material in Appendix G, H and I. 
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4.2 STUDIED LIGANDS 
Building on our seminal study on the strength of anion-π interactions in water 

involving a pyrimidinic host [32] and in view of the broad interest in introducing 

anion−π interactions into the making up of receptors, carriers, catalysts, and new 

functional systems in general, we undertook the development of a new class of 

model system ligands. 

The 1,2,4,5-tetrazine (s-tetrazine) aromatic nucleus was chosen, as it possesses a 

high and positive quadrupole moment (Qzz = 10.7 B) and a high molecular 

polarizability (α‖ = 58.7 au); therefore, both electrostatic and ion-induced 

polarization terms should contribute to its anion binding ability (cf. 1.3.3.2.5). 

Unluckily, tetrazines generally possess an abysmally low solubility in water, which 

makes them unsuitable for study. Accordingly, we resorted to functionalization with 

the aim of conferring to this heterocycle water solubility and sites amenable to 

protonation, to make its study manageable through our potentiometric technique, 

without inserting strong hydrogen bond donor groups (cf. 1.3.3.2.2), which could 

potentially interfere with the observation of the anion-π interaction. 

Eventually, the choice fell on morpholine pendants, which, due to protonation, 

rendered well soluble our systems especially in acidic media, where protonation of 

the morpholines’ tertiary nitrogen atoms takes place. The idea that strong salt 

bridges may arise and dominate the overall anion-ligand interaction, although 

disproved even from the earliest data, prompted us to prepare a series of 

homologous ligands with morpholine pendants located further and further away 

from the s-tetrazine core. 

As such the ligands L1, L2, L3 and L4 (Figure 4.2-1) were prepared and studied. 

Figure 4.2-1. The family of tetrazinic ligands studied in this work. 

In principle, this was meant to give us the chance of observing the interaction with 

the same anion with a decreasing involvement of salt bridges. Furthermore, there 

is also a scale of degree of preorganization, running parallel and opposite to the 

n = 1, L1; n = 2, L2; n = 3, L3; n = 4, L4. 
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flexibility of these molecules: anion binding to weaker π-acids (a broad term, refer 

to discussion in 1.3.3.2.5) generally demands a high degree of preorganization and 

cooperativity, while here, interestingly, anions show a widespread marked 

preference for the tetrazine binding site over the formation of salt bridges (cf. 4.3, 

4.4, 4.5 and 4.6) 

For this reason, together with a synthetic easiness of preparation, L1 and L2, the 

most preorganized and, when fully protonated, the most charge dense receptors of 

the series, where investigated first and more in detail. 

4.2.1 Synthesis 

The preparation of ligands L1-L4 (Figure 4.2-2) was achieved following a two-step, 

classical Pinner’s synthesis, consisting in a reaction of the morpholinyl-nitriles 1 with 

hydrazine hydrate to generate the corresponding dihydro-1,2,4,5-tetrazine 

intermediates 2, which upon easy (though slow) air oxidation yielded the fully 

aromatic s-tetrazines. Notably, the synthesis of these ligands is one of the few non-

metal catalysed Pinner synthesis of 3,6-dialkyl-s-tetrazine derivatives reported to 

date. Indeed, it is historically accepted that Pinner’s procedures are of general 

applicability to the preparation of 3,6-diaryl-substituted s-tetrazines, but not to the 

synthesis of 3,6-dialkyl derivatives. Only recently, a variant of the Pinner synthesis 

to prepare 3,6-dialkyl-s-tetrazines with a wide scope of application was reported, 

but it was based on the use of anhydrous hydrazine and a metal Lewis acid catalyst, 

with the drawback of needing intensive purification to remove metal traces in the 

case of products containing good transition metal binding moieties, such as the 

morpholinyl groups in our molecules. On the other hand, in our preparations, the 

safer hydrazine hydrate is used together with N-acetylcysteine (NAC) as catalyst, 

with acceptable results in terms of isolated yields. Since the catalytic effect of NAC 

in the general preparation of amidines from primary amines and both alkyl and aryl 

nitriles is known, we attribute the success of our preparations to the role of NAC as 

a catalyst in the reactions between the morpholinyl-nitriles, 1, and hydrazine to give 

the corresponding amidrazone intermediates. The subsequent formation of 

dihydro-1,2,4,5-tetrazine derivatives by dimerization of amidrazones is a well-

known process that, in our case, leads to the isolable intermediates 2. 
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Figure 4.2-2. Synthetic scheme of the preparation of tetrazine ligands L1-L4. 

4.2.1.1 Experimental 

Tetrazine-based ligands were prepared according to a Pinner´s synthetic scheme 

from the corresponding mopholinyl-nitriles (Figure 4.2-2). The morpholinyl-nitrile 

derivatives, 1 and 2, were prepared according to literature procedures (cf. 

experimental section of Appendix G). 

4.2.1.2 Synthesis of 3,6-bis(morpholin-4-ylmethyl)-1,2,4,5-tetrazine, L1 

Hydrazine (50 % aq. soln., 1.9 mL, 30.5 mmol) was dropwise added to a solution of 

morpholin-4-ylacetonitrile 1 (n = 1) (1.500 g, 11.9 mmol) and N-acetyl-L-cysteine 

(1.942 g, 11.9 mmol) in methanol (12 mL), and the resulting solution was stirred at 

r.t. under Ar atmosphere for 48 h. The solid in suspension was collected by filtration, 

washed with methanol and dried to afford 0.711 g (2.5 mmol, 42 %) of a white 

compound identified as the dihydrotetrazine intermediate 2 (n = 1). M.p. 194° C 

(dec.). IR (neat, ATR), ν/cm-1 3285, 2972, 2926, 2901, 2860, 2812, 1661, 1450, 1398, 

1111. 1H NMR (DMSO-d6, 400 MHz):  7.71 (s, 2 H), 3.57 (t, J = 4.5 Hz, 8 H), 2.95 (s, 

4 H), 2.40-2.32 (m, 8 H). 13C NMR (DMSO-d6, 100 MHz):  147.1, 66.0, 56.7, 52.9. This 

solid was subjected to air oxidation without further purification. Thus, a suspension 

of 2 (n = 1) (0.511 g, 1.8 mmol) in DMSO (5 mL) was stirred at r.t. under an air 

atmosphere for 4 days. The resulting red solid was filtered, washed with methanol 

and dried to afford L1 (0.417 g, 83 % referred to 2. M.p. 145 °C (dec.). IR (neat, ATR), 

ν/cm-1 2970, 2951, 2891, 2878, 2855, 2812, 2801, 1460, 1443, 1331, 1105. UV-Vis 

(H2O, pH 2) λmax /nm (ε) 520 (430), 298 (290, sh), 267 (2,475). 1H NMR (CDCl3, 400 

MHz):  4.22 (s, 4 H), 3.77 (t, J = 4.6 Hz, 9 H), 2.75-2.70 (m, 8 H). 13C NMR (CDCl3, 100 

MHz):  167.0, 66.8, 60.9, 53. HRMS (EI) m/z: M+·Calcd for C12H20N6O2 280.1642; 

Found 280.1648. 

 

 



110 

4.2.1.3 Synthesis of 3,6-bis(morpholin-4-ylethyl)-1,2,4,5-tetrazine, L2 

Hydrazine (50 % aq. soln., 3.0 mL, 48.2 mmol) was dropwise added to a solution of 

3-(morpholin-4-yl)propanenitrile 1 (n = 2) (1.400 g, 10.0 mmol) and N-acetyl-L-

cysteine (1.632 g, 10.0 mmol) in a methanol-DMSO 1:2 (v:v) mixture (6 mL), and the 

resulting solution was stirred at r.t. under Ar atmosphere for 72 h. The resulting solid 

was filtered, washed with a MeOH-Ethyl ether mixture (1:2, v:v) and pump dried to 

afford 2 (n = 2) containing some DMSO residue as shown by NMR spectra. 1H NMR 

(CDCl3, 400 MHz):  7.76 (s, 2 H), 3.68 (t, J = 4.6 Hz, 8 H), 2.54 (t, J = 6.1 Hz, 4 H), 2.50-

2.41 (m, 8 H), 2.29 (t, J = 6.1 Hz, 4 H). 13C NMR (CDCl3, 100 MHz):  151.4, 66.7, 55.3, 

53.3, 26.1. This solid was subjected to oxidation without further purification. Thus, 

a suspension of 2 (n = 2) in a mixture of MeOH (3 mL) and DMSO (0.2 mL) was stirred 

for two days under air atmosphere. The resulting pink solid was collected by 

filtration, dissolved in chloroform and filtered to remove insoluble impurities. The 

filtrate was evaporated to dryness to afford L2 as a pink solid (0.612 g, 2.0 mmol, 40 

%, referred to 2). M.p. 110° C. IR (neat, ATR), ν/cm-1 2961, 2922, 2878, 2845, 2824, 

1460, 1443, 1414, 1115. UV-Vis (H2O, pH 7) λmax /nm (ε) 518 (435), 329 (300, sh), 275 

(2,550). 1H NMR (CDCl3, 400 MHz):  3.63 (t, J = 4.6 Hz, 8 H), 3.50 (t, J = 7.1 Hz, 4 H), 

3.01 (t, J = 7.2 Hz, 4 H), 2.54 (t, J = 4.6 Hz, 8 H). 13C NMR (CDCl3, 100 MHz):  169.0, 

66.9, 56.5, 53.3, 32.2. HRMS (EI) m/z: M+· Calcd for C14H24N4O2 308.1961; Found 

308.1964. 

4.2.1.4 Synthesis of 3,6-bis(morpholin-4-ylpropyl)-1,2,4,5-tetrazine, L3 and 3,6-

bis(morpholin-4-ylbutyl)-1,2,4,5-tetrazine, L4 

Ligands L3 and L4 were synthesized according to the same general scheme followed 

for the preparation of their smaller homologues L1 and L2. Full description of the 

synthetic procedure, as well as their main characterization, will briefly appear in the 

literature. 
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4.2.2 Acid-Base Properties of the Ligands 

Ligands in the L1-L4 series undergo protonation on the nitrogen atoms of the 

morpholine pendants: it is interesting to discuss their protonation properties in the 

light of their serial behaviour. Protonation constants determined through 

potentiometric (pH-metric) titration in aqueous solution (0.1 M NMe4Cl, 298.1 K) 

are reported below in Table 4.2-1.  

Table 4.2-1. Protonation constants of the series of tetrazine-based ligands L1-L4 determined in 0.1 M 
NMe4Cl at 298.1 ± 0.1 K. Literature value for the protonation of the free N-methyl morpholine is 

included as reference. Values in parenthesis are the standard deviations on the last significant figure. 

Equilibria  log K 

  L1 L2 L3 L4 N-methyl morpholine 

L + H+ = HL+  4.45(3) 6.19(1) 7.19(3) 7.65(2) 7.38a 

HL+ + H+ = H2L2+  3.45(3) 5.37(1) 6.54(3) 6.88(2) - 

a Data taken from ref [47]. 

 

As one can easily see there is a net reduction of overall basicity in the order L4 > L3 

> L2 > L1 associated to the electron withdrawing effect of the tetrazine nucleus, the 

nearer it is from the aminic function the less its basicity. Second protonation, 

although always happening in more acidic conditions due to the presence of a 

positive charge on the molecule, follows qualitatively the same trend. 

N-methyl morpholine is a useful reference compound, revealing that the first ligands 

of the series suffer a reduction of their basicity of several orders of magnitude 

compared to the reference value of log K = 7.38. It should be stressed however, as 

clearly observed in the case of L4, that this value is not the limit of the series, lacking 

of convergence being due to the fact that ligands L1-L4 possess two identical 

protonable sites instead of just one: as such, statistical effects are expected to 

slightly raise the observed basicity. 
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Plateauing of the series is manifest from Figure 4.2-3. 

Figure 4.2-3. Tendency of the first and second protonation constants for the L1-L4 series. 

Although 4 points are a limited set, fitting with a generic hyperbolic function, 

reported in Figure 4.2-4, provides log K1 = 7.73 ± 0.01 and log K2 = 6.89 ± 0.02 as the 

asymptotic values for the first and second series of protonation constants 

respectively (R1
2 = 0.99994, χ1

2 = 1.13∙10-4; R2
2 = 0.99976; χ2

2 = 5.65∙10-4). 

Figure 4.2-4. Hyperbolic fitting for the first and second series of protonation constants of the 
tetrazinic ligands L1-L4. 
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It should be noted that in the case of L4 we are already very close to the forecast of 

the asymptotic values: beyond mathematics, this is to be expected on a chemical 

ground, as the stereoelectronic influence of even the strongest electron 

withdrawing group is lost when it is located too far away, 5 covalent bonds 

appearing as a reasonable distance to flat out the effect of the tetrazine. 

A point worth mentioning is the relative increment of basicity along the first and 

second series of protonation constants: as showed in Figure 4.2-5, where the 

second protonation series was offset to make it start with the same value of the 

first, the stepwise increase of basicity of the ligands in the second protonation 

stages due to the spacer elongation is always more marked than that of the first 

protonation stages. As anticipated in 4.2, there is a flexibility issue here, with the 

smallest ligands being the most conformationally rigid, with scarce possibility of 

folding to minimize the charge-charge repulsion between protonated groups: if the 

trend observed for the first protonation step is primarily to be ascribed to the 

increased distance from the electron withdrawing tetrazine, in the case of the 

second protonation step the increased folding possibility and minimization of the 

repulsion plays a role. Reversing the argument, the first ligands of the series can be 

viewed as the most preorganized, both due to their rigidity and to their lesser 

capability of reducing intramolecular repulsion if not resorting to the binding of 

negatively charged species. 

Figure 4.2-5. Comparison between the stepwise increase in basicity of the first and second 
protonation equilibria along the series of L1-L4 ligands. 
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4.2.3 Crystal Structures of the Free Ligands 

Crystal structures of the free ligands (crystallographic parameters in Table 4.2-2) 

help corroborating the trends observed in the protonation studies and the fitness 

of these molecules to work as anion receptors by virtue of anion-π interactions. 

Several short contacts are recognizable in the solved structure, nevertheless the 

most striking features are invariably exhibited by the interactions established 

between the tetrazine ring and morpholinic electron rich atoms (O or N) of a 

neighbouring ligand molecule. This kind of contacts, which goes under the name of 

lone pair-π interactions, are to anion-π interactions as hydrogen bonds are to salt 

bridges: the charge reinforcement of the interplay is lacking, and as such the stability 

is much less, though their ultimate nature is similar. In this remark, it is noteworthy 

that, in the absence of other possible partners, ligands of the L1-L4 series organize 

themselves in the solid state maximizing the intrinsically weak lone pair-π 

interaction, and do so to different extents. 

Having a few van der Waals radii in mind as reference values (C 1.77 Å, N 1.66 Å, 

here useful also as a rough estimation for the aromatic ring, O 1.50 Å, C-N sum 3.43 

Å, N-N sum 3.32 Å, N-O sum 3.16 Å [48]), one can get a feel for the strong 

polarization of L1, which folds to bring a morpholinic oxygen atom right on the 

centroid of the tetrazine ring and separated from it by only 2.96 Å (Figure 4.2-6). 

 

Figure 4.2-6. Crystal structure of L1 evidencing a strong lone pair-π interaction with the morpholinic 
oxygen atom of a neighbouring molecule. 

2.96 Å 



115 

The structure of L2 confirms the observed tendency of the tetrazine moiety to 

interact with electron rich atoms. Here we can see that the ligand prefers to lie 

almost planar giving rise to a T-shaped arrangement, instead of bending in the chair-

like conformation observed for L1, probably because of its increased conformational 

freedom. Yet, a strong lone pair-π interaction still arises involving the morpholinic 

nitrogen atom, which is found 3.24 Å away from the tetrazine’s centroid (Figure 

4.2-7). 

Figure 4.2-7. Crystal structure of L2 evidencing a strong lone pair-π interaction with the morpholinic 
nitrogen atom of a neighbouring molecule. 

The crystal structure of L3 somewhat confirms what observed also from the 

protonation data (cf. 4.2.2): the extreme polarization observed for the first 

members of the series of ligands starts to fade out for the superior homologues. In 

fact, van der Waals forces starts to predominate, with the lone pair-π contact, 

although existent, extremely reduced in strength: this time the morpholinic oxygen 

atom is located 3.69 Å away from the centroid (cf. the 2.96 Å for L1) and slightly off-

centre, its closest contact being O…Ctetrazine 3.36 Å, just slightly below the sum of van 

der Waals radii (vide supra) (Figure 4.2-8). This arrangement seems to be a sort of 

compromise between bringing together the oppositely polarized groups and the 

required folding of the propylenic spacer, resulting in the head-to-tail disposition 

observed in the crystal. 

 

 

 

 

3.24 Å 
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Figure 4.2-8. Crystal structure of L3 evidencing a weak lone pair-π interaction with the morpholinic 
oxygen atom of a neighbouring molecule.  

L4 prosecutes the observed trend, with the lone pair-π interaction completely lost 

in the solid state, crystal structure containing only fully elongated ligands molecule 

giving rise to van der Waals contacts with one another, with the head to tail 

disposition observed for L3, and already hindered in that case by the length of the 

propylenic spacer, now completely lost upon further addition of a carbon atom in 

the spacer (Figure 4.2-9). 

Figure 4.2-9. Crystal structure of L4 evidencing no lone pair-π interactions. 

Overall, from the inspection of the crystal structures of the free ligands, we can 

conclude that there is a certain polarity trend, closely mirroring the situation 

observed for the protonation constants (cf. 4.2.2), and that the tetrazine ring is a 

formidable binding site for electron rich centres, even when they do not possess a 

net charge. This is especially true for the smallest receptors of the series, which are 

the most ill-equipped to mitigate the heterocycle electronic effect. 

 

 

 

 

3.69 Å 
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Table 4.2-2. Crystallographic information for the structures of the free ligands L1-L4. 

Structure L1 L2 L3 L4 

Empirical Formula C12H20N6O2 C14H24N6O2 C16H28N6O2 C18H32N6O2 
Formula Weight 280.34 308.38 336.43 364.48 
Temperature (K) 150 150 150 150 
Crystal System 
Space Group 

Monoclinic 
P21/n 

Monoclinic 
P21/c 

Triclinic 
P-1 

Monoclinic 
P21/c 

a (Å) 6.2753(4) 11.690(1) 6.6983(6) 13.5805(3) 
b (Å) 13.9813(8) 6.834(1) 8.6859(8) 5.1482(1) 
c (Å) 7.4837(4) 10.73(2) 8.7604(9) 14.2994(3) 
α (°) 90 90 109 90 
β (°) 97 117 95 104 
γ (°) 90 90 110 90 

Volume (Å3) 651.5457 761.52 440.994 967.343 
Z 2 2 1 3 
R 0.055 0.082 0.070 0.042 
λ 1.5418 1.5418 1.5418 1.5418 
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4.3 ANION BINDING PROPERTIES TOWARDS INORGANIC ANIONS 
In this section, results concerning the interactions of our model hosts with inorganic 

anionic guests will be discussed. L1 and L2, which according to the above (cf. 4.2) 

are expected to give rise to the most stable complexes, are the main focus of the 

study, with a few side notes on the possible behaviour of their superior homologues. 

The Reader will understand a little resource management, for his or her own sake, 

in presenting the material: data and crystal structures for the interaction of L2 with 

halide anions different from fluoride, which with its marked basic character is 

helpful for the overall discussion, will be presented in a dedicated section (cf. 4.5). 

Discussion of data involving the thiocyanate anion are also postponed and can be 

found in the polyiodides section (cf. 4.6), where, owing to the pseudohalogen 

character of this anion, it provides a useful substitute model for the interaction. 

4.3.1 Crystal Structures 

4.3.1.1 Crystal Structure of H2L1(PF6)2∙2H2O 

In this crystal structure, the diprotonated H2L12+ ligand lies on an inversion centre 

and assumes an overall symmetric chair conformation (Figure 4.3-1). The tetrazine 

ring forms two anion-π interactions with the symmetry related PF6
- ions, one of the 

fluorine atom of these anions being only 2.94(9) Å apart from the ring centroid. 

Interestingly, the ammonium groups of the ligand are not involved in the binding of 

the PF6
- anions but interact via hydrogen bonding with co-crystallized water 

molecules (N∙∙∙OW 2.686(5) Å). Therefore, the anion is held in the crystal packing by 

the anion-π interaction with contributions from CH∙∙∙F bonds (2.469(3) Å) and van 

der Waals interactions. 

Figure 4.3-1. Crystal structure of H2L1(PF6)2∙2H2O. Distances in Å. 

2.94 

2.469(3)  

2.686(6)  
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4.3.1.2 Crystal Structure of H2L1(ClO4)2∙2H2O 

In this complex, the ligand assumes a boat-like conformation, both morpholine 

pendants protruding from the same side of the tetrazine ring (Figure 4.3-2). The 

aromatic group forms anion-π interactions with the oxygen atoms of two symmetry 

related ClO4
- anions. As in the previous structure, the anions are located almost 

above the centre of the tetrazine ring with O∙∙∙centroid distances of 2.96(3) and 

2.78(3) Å, respectively. Accordingly, this anion is sandwiched between tetrazine 

rings of two ligand molecules, while the other ClO4
- anion, not shown in Figure 4.3-2, 

is H-bonded to water molecules interacting with ligand ammonium groups (NH∙∙∙OW 

1.88(3) Å, NH∙∙∙OW 1.90(3) Å). It is noteworthy that, also in this complex, the 

sandwiched anion is held in place only by anion-π interactions and CH∙∙∙O hydrogen 

bonds (Figure 4.3-2). 

Figure 4.3-2. Crystal structure of H2L1(ClO4)2∙2H2O. Distances in Å. 

 

 

 

2.96 

2.78 

1.88(3) 

1.90(3) 

2.56(3)  
2.54(2) 

2.37(2)  
2.43(2)  
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4.3.1.3 Crystal Structure of H2L2(PF6)2∙H2O 

The crystal structure of the PF6
- complex with H2L22+ contains two centrosymmetric 

crystallographically independent ligand molecules (Figure 4.3-3). One of them 

assumes a chair conformation similar to that found in the structure of 

H2L1(PF6)2∙2H2O, while the other one is almost planar. Also in H2L2(PF6)2∙H2O the 

tetrazine rings give rise to anion-π interactions with PF6
-. Different kinds of 

interactions are established between the fluorine atoms of PF6
- and the tetrazine 

groups. Actually, one of the fluorine atoms is located pretty well above the tetrazine 

ring centroid of the planar ligand (F∙∙∙centroid 2.87(6) Å, Figure 4.3-3a), governed 

by the ion-dipole attraction, while three cofacial fluorine atoms face the other 

tetrazine ring forming F∙∙∙N, F∙∙∙C and F∙∙∙N-N contacts (3.110(5), 3.092(5) and 3.07 

Å, respectively, Figure 4.3-3b). Due to the enhanced flexibility of the ethylenic 

chains connecting tetrazine and morpholine rings, the ligand in chair conformation 

is able to form a salt bridge with the anion (NH∙∙∙F 2.10(5) Å), in contrast to the 

behaviour of L1 featuring shorter methylenic chains. It is to be underlined, however, 

that in this structure only one PF6
- is in contact with tetrazine rings, bridging the two 

ligands to form infinite zig-zag chains of anion-π contacts (Figure 4.3-3c). The second 

PF6
- anion only interacts with a water molecule H-bonded to an ammonium group 

of the planar H2L22+ ligand form. 

Figure 4.3-3. Crystal structure of H2L2(PF6)2∙H2O. Distances in Å. Views of the ligand and of its anion…π 
contacts: (a) planar and (b) chair conformations, (c) portion of the crystal packing. 

2.87 
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4.3.1.4 Crystal Structure of H2L2(ClO4)2∙H2O 

This crystal structure contains three crystallographically independent diprotonated 

ligand molecules H2L22+. One of them assumes an almost planar arrangement 

(Figure 4.3-4a), while the other two, lying around a crystallographic centre, adopt 

chair conformations (Figure 4.3-4b, c). Like in the crystal structure of H2L2(PF6)2∙H2O, 

several types of anion∙∙∙tetrazine interactions contribute to stabilize the crystal 

(O∙∙∙centroid, O∙∙∙C and O∙∙∙N in Figure 4.3-4) and the overall crystal packing contains 

infinite zig-zag chains of alternating ligand and perchlorate units (Figure 4.3-5). In 

particular, in the adducts shown in Figure 4.3-4a, c one of the anion oxygen atoms 

is located almost above the ring centroid. However, while in the case of the planar 

ligand no other relevant interactions are observed in addition to such O∙∙∙centroid 

contact (Figure 4.3-4a), in the case of the complex in Figure 4.3-4c additional O∙∙∙C 

interactions contribute to strengthen the anion-tetrazine binding. As in the previous 

structure, each ligand molecule in chair conformation forms a salt bridge with ClO4
- 

(NH∙∙∙O 2.31(6), 2.46(5) Å, Figure 4.3-4b; NH∙∙∙O 2.18(5) Å, Figure 4.3-4c). The crystal 

packing is further stabilized by additional hydrogen bonds involving the two 

remaining ClO4
- and lattice water molecules. 

Figure 4.3-4. Crystal structure of H2L2(ClO4)2∙H2O. Distances in Å. Views of the ligand and of its 
anion…π contacts: (a) planar and (b, c) chair conformations. 
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Figure 4.3-5. A portion of the infinite zig-zag chains of alternating ligand and perchlorate units 
constituting the crystal structure of H2L2(ClO4)2∙H2O. 

4.3.1.5 Crystal Structure of H2L2(NO3)2. 

Among the crystal structures obtained for anion complexes with L2, the NO3
- 

complex is the one having more similarities with the structures seen for the shorter 

L1 ligand. Actually, the packing contains a single centrosymmetric ligand molecule 

in chair conformation, interacting with NO3
- through the tetrazine ring (Figure 

4.3-6). The planar anion is arranged almost parallel above the tetrazine group 

(dihedral angle 21.9(2)°), with an oxygen atom close to the ring centroid (O∙∙∙ring 

centroid 2.850(2) Å). The same oxygen atom forms a salt bridge with a ligand 

ammonium group (NH∙∙∙O 1.881(2) Å). Obviously, all groups and interactions are 

duplicated below the tetrazine ring by the inversion centre, but no chains based on 

repeated anion-π interactions are observed in this crystal. 
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Figure 4.3-6. Crystal structure of H2L2(NO3)2. Distances in Å. 

4.3.1.6 Crystal Structure of H2L3(ClO4)2∙2H2O 

This crystal structure is found to be much simpler than its analogous for L1 and L2, 

resembling that of H2L2(NO3)2; in fact, the tetrazine ring is located on an inversion 

centre, with a perchlorate anion above and below it, hydrogen bonded to a co-

crystallized water molecule (Figure 4.3-7). Although short HN∙∙∙Oanion (3.115 Å, i.e. 

just 0.04 Å shorter than the sum of the van der Waals radii) contacts exist in the 

structure, the hydrogen bond between the receptor and the anion appear to be 

mediated by the solvent molecule (HN∙∙∙OW 2.753 Å, OW∙∙∙Oanion 2.845 Å). Beyond 

that, the anion appears to be well-placed on the tetrazine ring, with at least one of 

its oxygen atoms giving rise to a strong interaction (O∙∙∙centroid 3.118 Å). 
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Figure 4.3-7. Crystal structure of H2L3(ClO4)2∙2H2O. Distances in Å. 

4.3.1.7 Crystal Structure of H2L3(PF6)2∙2H2O 

Crystals of H2L3(PF6)2∙2H2O (Figure 4.3-8a) show again the centrosymmetric ligand 

strongly interacting through anion-π interaction with the octahedral anion (shortest 

F∙∙∙centroid distance 3.027 Å). A noteworthy feature is the fact that the anion places 

itself right on the tetrazine ring, as in all the other cases, despite the fact that the 

stability contribution due to salt bridges is fading, even in comparison with the 

structure of H2L3(ClO4)2∙2H2O. Here, in fact, the solvent molecule is mainly found 

bridging the protonated morpholine nitrogen atom with the morpholinic oxygen 

atom of an adjacent ligand molecule (HN∙∙∙OW 2.810 Å, O∙∙∙OW 2.791 Å), while the 

involvement of the anion in the hydrogen bond network appears modest (shortest 

F∙∙∙OW distance 2.943 Å) (Figure 4.3-8b). As such, this structure strongly 

corroborates the observation that, although hydrogen bonding and salt bridges are 

generally the primary forces governing anion binding with ammonium-based 

receptors, in the case of our ligands, a net preference for the tetrazine binding site 

is invariably showed. 
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Figure 4.3-8. Crystal structure of H2L3(PF6)2∙2H2O. Distances in Å. a) view of the anion-π interaction; 
b) detail of the environment of the co-crystallized water molecule. 
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4.3.1.8 Crystal Structure of H2L3(PF6)2 

Crowning glory of the series of structures and of the above observations, is the 

crystal structure of H2L3(PF6)2, whose crystals were obtained jointly with those of 

the diaquo complex from the same crystallization batch (Figure 4.3-9). 

The structure is indeed very similar to the other, again showing a centrosymmetric 

ligand forming strong anion-π interactions with the anions above and under the 

plane of the aromatic ring: the fact is that, in this case, salt bridges do not contribute 

at all to the positioning of the anion, which is only held in place by the anion-π 

interaction and a number of CH∙∙∙anion contacts (namely 12). This may resemble the 

analogous structure with L1, although in that case the polarization of the ligand and 

its inability to fold to orient the ammonium groups towards the anion (cf. Figure 

4.3-1), caused the establishment of extremely strong CH∙∙∙F contacts (up to 2.469 

Å), while in the case of L3 the range of distances observed for CH∙∙∙F contacts 

indicates much looser interactions (12 CH∙∙∙F contacts, medium distance 3.2 ± 0.2 Å, 

minimum 2.934 Å, median 3.312 Å, maximum 3.610 Å). As a matter of fact, anion-π 

contacts are preferred to salt bridges, hydrogen bond network regarding only ligand 

molecules (HN∙∙∙O 2.935 Å). 

 

Figure 4.3-9. Crystal structure of H2L3(PF6)2 showing the anion-π interaction and the hydrogen bond 
network involving only ligand molecules. Distances in Å. 
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4.3.1.9 Analysis and Discussion 

Three are the central features brought to light by the crystallographic part of this 

study: the involvement of anion-π interactions, that of salt-bridges and the trends 

within the family of ligands. 

First, anion-π interactions are invariably found as prime elements in all the studied 

complexes, demonstrating their key role in the anion binding properties of these 

systems. 

Since both centred and off-centred interaction modes can be found in the case of 

anion-arene interactions, the former indicating a chiefly supramolecular interaction, 

while the latter is often associated to charge transfer towards the ring or its 

substituents, a brief analysis indicating the observed tendency of the studied anions 

to place themselves towards the tetrazine centre or at its periphery is presented 

below.  

According to Figure 4.3-10, three relevant distances, namely the anion-centroid 

distance dcentroid, the distance from the ring plane dplane and the in-plane 

displacement from the centroid (i.e. the distance between the centroid of the ring 

and the projection of the anion on the ring plane) doffset, were collected in Table 

4.3-1 for all anion-centroid contacts within 4.0 Å. It should be noted that 0 and 1.4 

Å are standard reference values for the offset parameters, the former indicating a 

perfect alignment between the interacting anion and the ring centre, while the 

latter meaning that the anion is placed over one of the ring atoms (assuming a 

benzene model for the generic arene).  

Figure 4.3-10. Relevant distances used for assessing the anion-π interaction. 

 

 

 



128 

Table 4.3-1. Relevant distances for the assessment of the anion-π interaction in the solved structures. 
Upper limit for anion-centroid distance 4.0 Å. 

 
dcentroid (Å) dplane (Å) doffset (Å) 

H2L1(PF6)2∙2H2O 2.938 2.870 0.628 

H2L1(CLO4)2∙2H2O 2.771 2.727 0.492 

 2.968 2.966 0.109 

H2L2(PF6)2∙H2O 2.869 2.845 0.370  
3.287 3.066 1.185  
3.326 3.099 1.208  
3.426 3.043 1.574 

H2L2(CLO4)2∙H2O 3.002 2.938 0.617  
3.034 3.004 0.426  
3.055 3.008 0.534  
3.187 3.082 0.811  
3.369 2.948 1.631  
3.483 2.959 1.837  
3.997 3.661 1.604  
4.004 3.523 1.903 

H2L2(NO3)2 2.850 2.839 0.250 

H2L3(CLO4)2∙2H2O 3.118 3.002 0.843 

 3.801 3.523 1.427 

 3.917 3.300 2.110 

H2L3(PF6)2∙2H2O 3.027 2.995 0.439 

 3.446 2.915 1.838 

 3.832 3.300 1.948 

H2L3(PF6)2 3.020 2.957 0.377 

 3.547 3.021 1.859 

 3.750 3.357 1.671 

 

As shown in Figure 4.3-11 top, the rough data do not show an immediate preference 

for the centre or the periphery of the ring, indeed showing two peaks both in central 

and in peripheral regions. However, it should be noted that this kind of analysis was 

originally devised for halide anions, where the spherical geometry of the anions 

granted the absence of ambiguities when picking the contacts. 
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Here, owing to the polyatomic nature of the considered anions, one may argue that 

hexafluorophosphate, for instance, is able to bring within the chosen threshold 

distance of 4.0 Å more than one fluoride atoms, even if only one of them gives rise 

to a strong interaction. 

Figure 4.3-11. Top: frequencies of offset values for all anion-centroid distances within 4.0 Å. Bottom: 
frequencies of offset values computing only the shortest anion-centroid contact in each structure. 
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In view of this, the shortest anion-centroid contacts of each structure where 

selected and plotted in Figure 4.3-11 bottom. As one can easily see, this plot shows 

that close anion-centroid distance results in centred interaction, i.e. that strong 

supramolecular interactions arises between the tetrazine and the anions with 

negligible contributions from charge transfer processes. As this argument may 

appear as an easy approach to data interpretation, 3D plots with the distributions 

of all contacts are showed in Figure 4.3-12: the first, doffset vs dplane, is but the 

projection of the anion distribution on the plane of the aromatic ring, while the 

latter demonstrates the postulated correlation between dcentroid and doffset. 

Figure 4.3-12. Frequencies of anion-ring contacts in the dplane vs doffset and dcentroid vs doffset planes, 
showing their spatial distribution. 



131 

No matter how we look at the data, anions closer to the centroid (viz. strongly 

interacting with the tetrazine) show small offset values, and anions closer to the ring 

plane (viz. also strongly interacting with the tetrazine) show small offset values: 

therefore, contacts displaying large offset values do not represent the main anion-

π interactions, but are found there because of the geometries of the polyatomic 

anions and, of course, due to the other forces (hydrogen bonding, van der Waals, 

packing, et cetera) which make the anions assume the exact orientation observed 

in the crystal. 

As a final remark, it should also be stressed that, whenever contacts falling within a 

certain radius from a given point are evaluated and plotted as a function of radius, 

assuming a spherical distribution, i.e. removing the chemistry from the problem, 

more contacts will invariably be found at the periphery than at the centre. This is 

ultimately due to the cubic scaling of the volume of a spherical shell of fixed 

thickness with the radius. This, together with the loss of specificity due to the fading 

of any interaction at longer distances, foreshadows the fact that, for higher radii, is 

both more likely to found contacts and that these are anticipated to be less and less 

dense of chemical sense. Coming to the point, this kind of spherical distribution 

analyses tends to be biased the more we move from the centre towards finding an 

excess of contacts: in our case, this probably leads to the quasi exponential growth 

of contacts observed above offset values higher than 1.4 Å in Figure 4.3-11 top. 

Overall, this scales down the peaks observed in all diagrams for high offset values, 

reinforcing the notion that strongly interacting atoms are found in centred positions 

in the case of our ligands.13 

Assessment of the possibility of charge transfer was also explored in silico though 

DFT calculations in the case of the diprotonated L1 and L2: although the lowest-

unoccupied molecular orbital (LUMO) of the free ligands is localized on the tetrazine 

ring (Figure 4.3-13), which might accept the electronic charge of the interacting 

anions, a natural population analysis indicates that the charge transfer contribution 

is modest in our systems, thus confirming the above arguments. 

                                                           
13 The puzzled or curious Reader is invited to do the following “experiment”: perform a 
search in the Cambridge Structural Database demanding that, say, an oxyanion be in contact 
within the centroid of a C6 aromatic ring at a distance (1.4 + VdWC+O + 0.5) Å, where 1.4 Å is 
the centroid-C distance and 0.5 Å a suggestion for the tolerance, which my Reader can freely 
modify. The vast majority of contacts will be located at the far periphery. Now ask that the 
anions be at least in contact with one of the carbon atoms of the ring within (VdWC+O + 0.5) 
Å, note that if this does not happen the anion is not interacting with the ring at all. Now 
please confront the new distribution with the previous one: you will realize how many non-
specific contacts were picked for high values of the radius.  
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Figure 4.3-13. HOMO and LUMO Kohn-Sham orbitals of H2L12+ (top) and H2L22+ (bottom) calculated 
at the B3LYP/6-31G(d,p) level. The isovalue is 0.04. 
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Concerning salt-bridges and hydrogen bonding in general, although they are 

universally recognized as fundamental interactions for the anion-binding properties 

of polyammonium receptors, in our cases they are somewhat underperforming. 

Whenever anions are forced to choose between establishing strong interactions 

with the tetrazine ring or giving rise to strong salt bridges, the former choice is 

always preferred. This is especially important as these receptors were devised for 

the study of anion-π interaction with the least possible interference from other 

supramolecular contacts. 

The observed interplay of anion-π and salt-bridges lead us to the last focal point, i.e. 

the trends exhibited by the family of receptors. 

In fact, both L1 and L3 do never form direct salt bridges with any of the anions. 

L1 appears to be too small and resorts to extremely short CH∙∙∙anion contacts (as 

short as 2.4 Å) due to its high polarization, owed both to the tetrazine and to the 

double protonation, and the impossibility to fold forming both salt bridges and 

anion-π interactions with the same guest. 

L3, on the contrary, appears too big to completely wrap around the anion: with the 

octahedral hexafluorophosphate, with or without the presence of a water 

molecules, the hydrogen bond network mainly concerns the ammonium groups and 

the morpholinic oxygen atoms of neighbouring ligand molecules. Partially different 

is the situation for the tetrahedral perchlorate, when the anion is involved in a 

solvent mediated salt-bridge, which anyhow indicates the subordinate character of 

the charge-charge interaction, in this case, with respect to the anion-π contact, else 

the opposite charges would be found squeezed together. 

L2 appears as the best compromise and probably the best anion receptor of the 

series: chair like conformations in which two anions are held above and under the 

ring with the contribution of one direct salt-bridge each, are found in all L2 crystal 

structures, which are moreover the only cases in which a cooperative behaviour of 

anion-π and direct salt-bridge is manifest. As such, L2 appears as the best candidate 

to provide anion complexes of the upmost stability. 

It is interesting how the above remarks follow quite naturally the observed trends 

in protonation constants (cf. 4.2.2) and the features observed in the crystal 

structures of the free ligands (cf. 4.2.3), allowing to predict weaker binding and 

scarce contribution of salt-bridges for the analogous crystal structures with L4, at 

present not available. 

 



134 

Crystallographic parameters for the solved structures conclude the crystallographic 

part of the study (Table 4.3-2). 

Table 4.3-2. Crystal data and structure refinement for the crystal structures of the anionic complexes 
discussed above.  

 H2L1(PF6)2
.2H2O H2L1(ClO4)2

.2H2O H2L2(PF6)2
.H2O H2L2(ClO4)2

.H2O 

Empirical Formula C12H26F12N6O4P2 C12H26Cl2N6O12 C14H26F12N6O3P2 C14H28Cl2N6O11 

Formula Weight 608.32 517.28 616.35 527.33 

Temperature (K) 150 150 120 150 

Space Group P -1 P 21/c P -1 P -1 

a (Å) 6.953(1) 12.2843(5) 8.7208(7) 8.3437(7) 

b (Å) 9.516(2) 15.5942(7) 10.0766(9) 13.2569(8) 

c (Å) 9.768(2) 11.5901(5) 14.263(1) 20.6313(14) 

 (°) 89.90(2) 90 96.712(6) 85.306(5) 

 (°) 70.24(2) 100.024(4) 107.641(7) 85.170(6) 

 (°) 76.64(2) 90 96.880(7) 77.709(6) 

Volume (Å3) 589.7(2) 2186.4(2) 1170.2(2) 2217.0(3) 

Z 1 4 2 4 

R1 Indices 0.0567 
 
 

0.0544 0.0506 0.0707 

 H2L2(NO3)2 H2L3(ClO4)2.H2O H2L3(PF6)2∙2H2O H2L3(PF6)2 

Empirical Formula C14H26N8O8 C16H34Cl2N6O12 C16H34F12N6O4P2 C16H30F12N6O2P2 

Formula Weight 434.42 573.38 664.41 628.38 

Temperature (K) 150 150 150 150 

Space Group P 21/c P 21/c P 21/c P 21/n 

a (Å) 6.386(1) 13.7608(5) 13.4690(4) 7.7907(3) 

b (Å) 12.583(1) 7.3316(3) 7.8954(2) 8.8430(3) 

c (Å) 12.600(2) 13.3194(7) 13.6108(4) 18.2505(8) 

 (°) 90 90 90 90 

 (°) 98.41(1) 111.655(5) 112.191(4) 96.454(4) 

 (°) 90 90 90 90 

Volume (Å3) 1001.5(2) 1248.94 1340.21 1249.37 

Z 2 2 2 2 

R1 Indices 0.0664 0.0878 0.0627 0.0429 
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4.3.2 Solution Studies 

Protonated forms of L1 and L2 and, in some cases, even the neutral ligands, give rise 

to detectable interactions with anions in water. Analysis, by means of the computer 

program HYPERQUAD (cf. 2.1.1) of potentiometric (pH-metric) titrations performed 

for the various ligand/anion systems afforded the stability constants of the anion 

complexes reported in Table 4.3-3. Since these measurements were performed in 

the presence of 0.10 M NMe4Cl, we must assume that all the equilibria in this table 

are potentially affected by the competitive ligand interaction with Cl- (cf. 4.5.2). 

Table 4.3-3. Equilibrium constants (log K) for ligand protonation and anion complex formation 

determined at 298.1  0.1 K in 0.1 M NMe4Cl aqueous solution or water/ethanol 80:20 (v:v) mixture. 
Values in parenthesis are the standard deviations on the last significant figure. 

 H2O H2O/EtOH  
L1 L2 L2 

L + H+ = HL+ 4.45(3) 6.19(1) 6.04(2) 

HL+ + H+ = H2L2+ 3.45 (3) 5.37(1) 5.19(2) 

    
HL+ + F- = [HLF] n.d. 1.58(8) 1.16(7) 

H2L2+ + F- = [H2LF]+ n.d. 1.97(3) 1.26(5) 

    
HL+ + NO3

- = [HL(NO3)] 1.43(5) 1.8(1) 1.72(7) 

H2L2+ + NO3
- = [H2L(NO3)]+ 1.66(6) 2.32(4) 2.18(3) 

    
L + SO4

2- = [L(SO4)]2- 
 

2.18(3) 
 

HL+ + SO4
2- = [HL(SO4)]- 1.65(8) 2.31(3) 1.68(7) 

H2L2+ + SO4
2- = [H2L(SO4)] 2.08(3) 2.48(3) 2.29(3) 

    
L + ClO4

- = [L(ClO4)]- 
 

1.98(5) 
 

HL+ + ClO4
- = [HL(ClO4)] 2.07(9) 2.26(5) 1.55(8) 

H2L2+ + ClO4
- = [H2L(ClO4)]+ 2.31(8) 2.51(4) 1.83(5) 

    
L + PF6

- = [L(PF6)]- 1.96(8) 3.07(8) 
 

HL+ + PF6
- = [HL(PF6)] 2.67(7) 3.17(7) 1.67(9) 

H2L2+ + PF6
-  = [H2L(PF6)]+ 2.98(7) 3.39(8) 2.22(8) 
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Although the crystal structures of the anion complexes previously described (cf. 

4.3.1) show the diprotonated ligand forms (H2L2+) interacting with pairs of anions, 

the 1:1 stoichiometry of the complexes in solution was unambiguously ascertained 

by the computer analysis of the titration curves. The stability of these complexes 

invariably increases with ligand protonation (increasing positive charge), even 

though the relevant association processes are poorly controlled by electrostatic 

forces. As a matter of fact, the mean increment of the complexation free energy 

change associated with the variation of a single positive charge of the ligand, 1.8 

kJ/mol (0.4 kcal/mol), is considerably smaller than the literature value 5 ± 1 kJ/mol 

expected for the formation of a single salt bridge in water [17]. Accordingly, other 

forces than salt bridges, are expected to provide the decisive contribution, making 

favourable such association events. This correlates well with the previously 

described crystal structures of anion complexes, showing that, in the solid phase, 

the ligands can bind anions without resorting to salt bridges, while the contribution 

of the anion-π interaction is always prominent: such preference of the anions for 

the tetrazine as a binding site, despite the presence of two ammonium groups, is 

both the most surprising and the most recurring feature among the solved crystal 

structures. 

It is interesting to note that L2 forms complexes of greater stability than L1, contrary 

to what should be expected in terms of charge density and loss of conformational 

degrees of freedom upon anion binding. This, however, at least for the protonated 

complexes, is in line with what observed in terms of serial properties of the L1-L4 

receptors in the crystal structures of their anionic complexes (cf. 4.3.1.9). 

Concerning the neutral ligands, the comparison between the stability of their 

complexes is unfortunately only possible for PF6
-, since complexes of the neutral 

receptor L1 were not detected with other anions. Most likely they are formed in 

very small amounts, not detectable with our potentiometric method. The fluoride-

L1 system needs a special mention here, as it could not be studied due to the low 

basicity of the ligand, which forms protonated species in a pH region which already 

triggers the reactivity of F- towards the glass components of the measurement cell. 

Greater insight into the thermodynamic aspects governing the formation of these 

complexes was gained by dissecting the complexation free energy changes into their 

enthalpic and entropic contributions by means of isothermal titration calorimetry 

(cf. 2.1.2). The determined enthalpy changes are reported in Table 1.3-1 along with 

the derived entropy terms. Regrettably, only few calorimetric data were obtained 

for the anion complexes with L1 owing to insufficient solubility of the ligand and its 

complexes. 
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Table 4.3-4. Thermodynamic parameters (kJ/mol) for ligand protonation and anion complex 

formation determined at 298.1  0.1 K in 0.1 M NMe4Cl aqueous solution. Values in parenthesis are 
the standard deviations on the last significant figure. 

  G°  H° T S° 

L1 + H+ = HL1+ -25.4(2) -4.6(4) 20.8(4) 

HL1+ + H+ = H2L12+ -19.7(2) 4.6(4) 24.3(4) 
 

   
L2 + H+ = HL2+ -35.32(6) -26.8(4) 8.5(4) 

HL2+ + H+ = H2L22+ -30.64(6) -18.4(4) 12.2(4) 

    
H2L12+ + ClO4

- = [H2L1(ClO4)]+ -13.2(5) -0.8(4) 12.4(6) 

    
L1 + PF6

- = [L1(PF6)]- -11.1(5) n. d. n. d. 

HL1+ + PF6
- = [HL1(PF6)] -15.2(4) -5.9(4) 9.3(6) 

H2L12+ + PF6
-  = [H2L1(PF6)]+ -17.0(4) 0.8(4) 17.8(6) 

    
HL2+ + NO3

- = [HL2(NO3)] -10.3(6) 9.1(3) 19.4(7) 

H2L22+ + NO3
- = [H2L2(NO3)]+ -13.2(2) 6.4(3) 19.6(4) 

 
   

L2 + SO4
2- = [L2(SO4)]2- -12.4(2) -0.6(3) 11.8(4) 

HL2+ + SO4
2- = [HL2(SO4)]- -13.2(2) 27.2(4) 40.4(4) 

H2L22+ + SO4
2- = [H2L2(SO4)] -14.12(2) 17.0(4) 31.1(4) 

 
   

L2 + ClO4
- = [L2(ClO4)]- -11.3(3) -2.3(2) 9.0(4) 

HL2+ + ClO4
- = [HL2(ClO4)] -12.9(3) 9.6(4) 22.5(5) 

H2L22+ + ClO4
- = [H2L2(ClO4)]+ -14.3(2) 6.7(4) 21.0(4) 

 
   

L2 + PF6
- = [L2(PF6)]- -17.5(5) -0.5(3) 17.0(6) 

HL2+ + PF6
- = [HL2(PF6)] -18.1(4) 12.5(3) 30.6(5) 

H2L22+ + PF6
-  = [H2L2(PF6)]+ -19.3(5) 5.5(3) 24.8(6) 
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Data in Table 4.3-4, however, clearly show that these anion binding equilibria are 

invariably promoted by large and favourable entropic contributions, while the 

relevant enthalpy changes are mostly unfavourable (endothermic). However, in the 

cases of anion binding by the neutral (not protonated) L2 ligand, in which anion-π 

interactions should make the major contribution, the complexation reactions are 

not hampered by thermal effects, since the measured enthalpy changes are 

favourable, although very small (ΔH° in the range -0.5 to -2.3 kJ/mol). A similar 

enthalpy and entropy dependence of binding equilibria is typical of association 

processes controlled by desolvation phenomena. Indeed, charge neutralization 

occurring upon interaction of charged specie causes an important release of solvent 

molecules, that is an endothermic process accompanied by a large entropy increase. 

When the anion binds an uncharged ligand, a smaller desolvation is expected to 

occur with respect to the association with a charged one and, accordingly, the 

reaction is expected to be less endothermic and less exoentropic, as actually found 

for our systems (Table 4.3-4). 

To get more information on solvent effects, the formation of anion complexes with 

the more soluble 14  L2 ligand was also studied in the water/ethanol 80:20 v:v 

mixture, displaying a lower dielectric constant ( = 69.05 at 25°C) with respect to 

pure water ( = 78.56 at 25°C). The stability constants of the complexes formed in 

the solvent mixture are listed in Table 4.3-3. These data show that the addition of 

ethanol to water causes a general lowering of stability for complexes with 

protonated ligand forms, while complexes of the unprotonated, uncharged ligand 

were not detected. At first glance, these results might be surprising, since one could 

reasonably expect that the association between charged species becomes stronger 

as the polarity of the solvent decreases. Nevertheless, when the association takes 

place between charged and neutral species, the stability of the assembly may 

increase with increasing solvent polarity. As a matter of fact, protonation constants 

of L2 are smaller in water/ethanol 80:20 v:v than in pure water, as it generally 

happens  for many other amines. Instructive examples, in this sense, are given by 

the protonation properties of molecules containing both neutral and negatively 

charged protonation sites, such as amino acids. In these cases, as the solvent 

polarity decreases (upon addition of ethanol to water), protonation constants of 

carboxylate groups increase while protonation constants of amine groups decrease, 

as a consequence of the selective solvation occurring in the solvent mixture, water 

                                                           
14 Although not as relevant as other properties discussed with more attention in this thesis, 
also solubility shows a trend along the L1-L4 series, L1 being the most insoluble receptor of 
the family. It should also be noted that this is partially due to the trend in protonation 
constants: L3 and L4, capable of undergoing one or even two protonation equilibria even in 
pure water (pH = 7.0), appearing much more readily soluble than their shorter counterparts. 
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and ethanol molecules being preferentially attracted, respectively, by charged 

groups and by neutral functionalities. Accordingly, the lower stability of our anion 

complexes in the solvent mixture corroborates our previous conclusion that in pure 

water the anion complexation processes here studied are essentially controlled by 

other forces than charge-charge attractions. 

Also anions are subjected to selective solvation. F-, for instance, in water/ethanol 

80:20 v:v is selectively hydrated, with no ethanol molecules in its first solvation 

sphere. Upon increase of the anion size, also the involvement of ethanol molecules 

in anion solvation increases, and for ClO4
- the composition of the first solvation 

sphere approaches the composition of the bulk solvent [49]. Taking into account, 

however, that in the water/ethanol 80:20 v:v mixture there is one ethanol molecule 

every thirteen water molecules, even for ClO4
- the participation of ethanol 

molecules in the solvation sphere is still modest. Then, anion desolvation occurring 

upon interaction with L2 is not expected to be at the origin of the difference of 

complex stability between water and the water/ethanol mixture and, accordingly, 

different ligand solvation should be responsible for the observed difference in the 

binding constants. Consistently with this general drop of stability, complexes of 

anions with the neutral L2 ligand are not formed or their formation is too scarce to 

be detected. 

Unfortunately, our attempts to identify significant changes in the NMR spectra (1H, 
13C, 15N and also 19F and 31P for PF6

-) of the species involved in the anion-π 

complexation equilibria were unfruitful both in D2O and acetonitrile-d3. However, 

interesting information about the formation of such anion complexes in water was 

obtained by PGSE 19F and 1H NMR diffusion spectroscopy, following the variation of 

the diffusion coefficients of PF6
- and H2L22+ occurring upon complexation. Since the 

exchange between complexed and uncomplexed species in the anion-π 

complexation equilibrium is a fast process on the time scale of the (relatively slow) 

NMR measurements, the diffusion coefficient measured by PGSE NMR for a 

particular species is the weighted average of the diffusion coefficients of its 

uncomplexed and complexed forms. 

That is, for the equilibrium H2L2
2+ + PF6

− ↔ [H2L2(PF6)]
+ , the observed 

diffusion coefficient for PF6
-, D̅PF6

, can be expressed as 𝐷PF6 = (1 − 𝛼) ∙ 𝐷𝑃𝐹6 + 𝛼 ∙

𝐷𝐿2𝑃𝐹6  ,  where DPF6
 and DL2PF6  represent the diffusion coefficients of the 

uncomplexed and complexed forms of PF6
-, respectively, and α is the mole fraction 

of complexed PF6
-. 
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As shown in Figure 4.3-14a, addition of increasing amounts of H2L22+ to a solution 

of PF6
- causes a significant decrease of the observed diffusion coefficient of the 

anion.  

Figure 4.3-14. Average diffusion coefficients of a) PF6
- in the presence of increasing concentration of 

H2L22+, measured by means of 19F NMR; b) H2L22+ in the presence of increasing concentration of PF6
-, 

measured by means of 1H NMR. Red lines represent the trends expected on the basis of the stability 
constant (log K = 3.39, Table 4.3-3) measured for the [H2L2(PF6)]+ complex. 

According to the Stokes-Einstein equation 𝐷 =
𝑘𝐵𝑇

6𝜋𝜂𝑟
, such variation of D̅ can be 

ascribed to the increase of the hydrodynamic radius (r) of the measured species as 

PF6
- is increasingly associated to H2L22+. Furthermore, this figure also reveals a good 

agreement between the evolution of the observed diffusion coefficient D̅PF6 upon 

increasing concentrations of H2L22+ (black dots) and the evolution expected 

according to the value of the stability constant (log K = 3.39, Table 4.3-3) measured 

by potentiometry for the [H2L2(PF6)]+ complex, represented by the red line. This line 

was calculated by assuming DPF6
 equal to the value of D̅PF6

 measured for the sample 

 

   

 

a 

b 
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containing pure PF6
- (i.e. α = 0), and DL2PF6

 equal to the value of D̅PF6
 obtained for a 

[H2L22+]/[PF6
-] ratio greater than 1:1, at which D̅PF6

 appears to become invariant 

(Figure 4.3-14a). 

The evolution of the average diffusion coefficient of H2L22+, D̅L2 (Figure 4.3-14b), 

gives rise to a less accurate fitting of the expected trend (red line calculated 

according to the procedure above described for D̅PF6), but it shows a noteworthy 

feature. When PF6
- is gradually added to H2L22+, the average diffusion coefficient of 

H2L22+ increases denoting that the complex has a smaller size than the free ligand, a 

phenomenon that can be rationalized by considering that an extensive desolvation 

occurs upon interaction of the two oppositely charged species, the volume of lost 

water molecules being greater than the gained volume of the bound anion, in 

agreement with the important entropy increase derived for anion binding from the 

above thermodynamic data. Alternatively, another rationalization could be related 

to a conformational change of the ligand upon complexation: the two ligand arms 

might fold inwards to interact with the anion giving rise to a smaller hydrodynamic 

radius. Nevertheless, although the occurrence of a similar conformation change is 

possible, its contribution to the overall phenomenon appears to be modest as it 

would be accompanied by a loss of entropy in contrast to the highly exoentropic 

character of the complexation process. 

Furthermore, taking into account that both theoretical and experimental works in 

the literature coincide in affirming that the interaction of PF6
- with water molecules 

is extremely weak, the observed phenomenon occurring upon the formation of the 

[H2L(PF6
-)]+ complex should be mostly due to ligand desolvation.  

4.3.3 Conclusions 

Crystallographic data obtained for eight crystal structures of anion complexes 

formed by the diprotonated forms of L1, L2 and L3 show that the anions invariably 

choose the tetrazine ring as preferential binding site, forming short anion-π 

contacts, despite the presence of two ammonium groups. Nevertheless, weak anion 

contacts with aliphatic CH groups and, in few cases, mainly encountered in L2 

structures, salt bridge interactions with the ammonium groups also contribute to 

complex stability in the solid state. According to DFT calculations, the lowest-

unoccupied molecular orbital (LUMO) of the free ligands is localized on the tetrazine 

ring, which is able to bind anions via anion-π interactions even in the absence of 

supplementary binding groups. 

Equilibrium data for L1 and L2 reveal that anion binding takes place in aqueous 

solution with the ligands in different protonation states. In some cases, even the 

neutral (unprotonated) ligands form stable anion complexes. The main 
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characteristic of these binding events is that the stability of the formed complexes 

is poorly related to the ligand charge, indicating that formation of these complexes 

is not governed by the dominating charge-charge attraction that is normally 

observed in the formation of anion complexes with positively charged ligands. The 

enthalpic (H°) and entropic (TS°) parameters for the binding equilibria, 

experimentally determined by dissecting the complexation free energy changes 

(G°) by means of ITC measurements, clearly show that these anion binding 

processes are invariably promoted by large and favourable entropic contributions, 

while the relevant enthalpy changes are mostly unfavourable (endothermic). A 

similar enthalpy and entropy dependence of binding equilibria is typical of 

association processes controlled by desolvation phenomena (desolvation is typically 

endothermic and exoentropic). The occurrence of a significant desolvation 

occurring upon the formation of these complexes is corroborated by diffusion NMR 

spectroscopy data, that led to the unprecedented observation that the ligand 

undergoes a significant shrink in size (increase of diffusion coefficient) upon 

interaction with PF6
-. 

A somewhat different behaviour is observed for anion binding by the neutral 

ligands, in which anion-π interactions should make the major contribution. In this 

case, the complexation reactions (-ΔG° in the range 11.1 to 17.5 kJ/mol) are still 

favoured by dominant entropic contributions (TΔS° in the range 9.0 to 17.0 kJ/mol) 

but are accompanied by favourable, although very small, enthalpy changes (ΔH° in 

the range -0.5 to -2.3 kJ/mol). Interestingly, these thermodynamic parameters are 

strongly consistent with previous values (-ΔG°, 9 to 12 kJ/mol; ΔH°, -2 to 3 kJ/mol; 

TΔS°, 8 to 15 kJ/mol) [32] experimentally determined in water for the formation of 

various anion complexes with receptors based on nitroso-amino-pyrimidine, which 

are thought to be almost exclusively stabilized by anion-π interactions.  

Equilibrium data for the formation of anion complexes in a 80:20 (v:v) water:ethanol 

mixture, showed that a decrease of the dielectric constant of the medium ( = 78.56 

for pure water and  = 69.05 for the mixture at 25°C) causes a general lowering of 

stability for complex with protonated ligand forms, while complexes of the 

unprotonated ligand are no longer detectable. Taking into account that the 

presence of 20% of ethanol affect very little the solvation sphere of the anions, the 

loss of stability observed in the aqueous-ethanolic solution, relative to pure water, 

can be reasonably ascribed to a stronger ligand solvation in the mixed solvent. Once 

again, solvation effects seem to play a fundamental role. 
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4.4 ANION BINDING PROPERTIES TOWARDS ORGANIC ANIONS 
As extensively discussed above (cf. 1.3 and 1.4), the binding of anions in solution 

generally revolves around a combination of weak forces, properly selected 

incorporating the required structural features within the receptor during its design 

stage: although individually weak, such interactions can collectively furnish enough 

stabilization to afford polyfunctional ligands capable of strong and selective anion 

binding. 

This part of the study, although maintaining its focus on anion-π interactions and 

solvent effects, builds on the primary investigation addressing inorganic anions by 

adding to the mix more possibilities concerning the strength and type of forces in 

play. To some extent, it can be considered an exercise in understanding the interplay 

of selected molecular forces. The task is ambitious, as plain additivity of forces is 

never granted, with both cooperative and competition effects coming into play to 

produce a non-linear response of the system. 

A new list of interesting substrates was brewed up with the explicit intention of 

playing with the following parameters: 

1. Basicity of the anions; 

2. Capability of establishing π-π stacking interactions; 

3. Stereochemistry of the interacting groups; 

4. Dependence on host-guest mutual sizes. 

Basicity of the anions is an important parameter to tune the strength of salt bridges 

and hydrogen bonds in general. As discussed in 1.3.3.2.2, when formation of a 

hydrogen bond is perceived as a partial proton transfer from an acid to a base, the 

highest stability of the donor-acceptor complex is achieved when the proton is 

equally shared (i.e. when ΔpKa = 0). In our original work with inorganic anions, all 

the studied substrates were indeed conjugate bases of strong acids, as such, in 

water there was scarce discrimination between them on this basis. The obvious 

exception was fluoride, yet this anion, set aside its marked basicity, is also the 

smallest and the most charge dense of the monovalent species, thus would probably 

be an outlier in any data set for a series of reason. 

In the new set of anions, the simplest homologous compounds from the carboxylate 

and sulfonate series were investigated: acetate and methanesulfonate.  

Accordingly, the effect of π-π stacking interaction was considered by comparing 

their methyl and phenyl derivatives: benzoate and benzenesulfonate. Establishment 

of π-π stacking interactions was initially thought as a way to strengthen the effect 

of the solvent, giving rise to a truly hydrophobic effect, with the aromatic moieties 

brought together by their energetically favourable desolvation. 
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Lastly, the effect of the insertion of a second charge was considered with the 

dicarboxylate anions phthalate and isophthalate, examining the observed 

differences in view of their regiochemistry. 

Effect of the mutual size of host and guest was implicitly considered by prosecuting 

the study with both L1 and L2, the best receptors, in terms of complex stability, in 

our tetrazine-based family of molecules. 

Needless to say, a complicated picture emerged, demanding further analyses and 

demonstrating, once again, how shedding light on the subtleties of the interplay of 

so many different effects, even within the framework of simplified model systems, 

still remains an ambitious task. 

4.4.1 Crystal Structures   

4.4.1.1 Crystal Structure of H2L2(C6H5SO3)2∙H2O 

As showed in Figure 4.4-1, two symmetrically non-related benzenesulfonate anions 

are present in this structure. Both form a salt bridge with the protonated nitrogen 

atom of the ligand, however only the first one exhibits a marked interaction with 

the tetrazine ring, bringing one of the sulfonate oxygen atoms at 3.422 Å from the 

ring centroid, the interaction being particularly strong with one of the tetrazine 

nitrogen atoms (O∙∙∙N 3.049 Å, O-N-centroid angle 93.56°) (Figure 4.4-2). 

The other two oxygen atoms of the sulfonate group are found either giving rise to 

salt bridge interaction (NH∙∙∙O 2.657 Å), as said above, or involved in multiple 

(namely 7) CH∙∙∙O contacts. 

The second anion, required to guarantee the electroneutrality of the system, but 

probably too bulky to be accommodated in proximity of the tetrazine ring, is found 

mainly interacting through hydrogen bonds with the co-crystallized water molecule 

(O∙∙∙OW 2.869 Å) and the protonated nitrogen atom of the morpholine moiety 

(NH∙∙∙O 2.690 Å), although several CH∙∙∙anion contacts are recognizable. 

As evidenced in Figure 4.4-3, π-π stacking interaction offers a modest contribution 

to the overall stability of the structure, three carbon atoms of the benzene ring 

being in the 3.4-3.6 Å range from the tetrazine. The relative positions of the two 

rings, probably imposed by their sizes, by the non-planarity of the sulfonate group, 

by the geometry imposed by the hydrogen bond network and maybe by the 

preference of the tetrazine for the anionic head rather than the aromatic portion of 

the anion, impose a 13.27° angle between the ring planes, limiting their 

superimposition. 
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Figure 4.4-1. Cell content of H2L2(C6H5SO3)2∙H2O with overview of the hydrogen bond network.  

 

 

 

 

 

 

 

 

 

 

Figure 4.4-2. Detail of the anion-π interaction in the structure of H2L2(C6H5SO3)2∙H2O. 
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Figure 4.4-3. Detail of the π-π stacking contribution to the host-guest interaction. 

The argument is much more valid for the second benzenesulfonate anion, with an 

angle in-between the ring planes of 53.47°, which, in fact, does not give rise to 

contacts with the tetrazine ring. 

4.4.1.2 Crystal Structure of H2L2(HIsophthalate)2 

Considerably different is the situation encountered with the isophthalate anion, 

which was found in the crystal in its monoprotonated form. 

As showed in Figure 4.4-4, the crystal structure consists of zig-zag ribbons of anions 

and ligand molecules held together by salt bridges and hydrogen bonds. Despite the 

undisputed importance of these interactions for the overall arrangement of the 

structure, the tetrazine ring remains an important binding site, with the anion well-

placed above its centroid (Figure 4.4-5). This time, however, the interaction is 

markedly of the π-π stacking type (Figure 4.4-6), the two ring planes being almost 

coplanar and 6 out of 6 carbon atoms of the benzene ring placed at 3.4 Å from at 

least one atom of the tetrazine. Contrary to what observed for benzenesulfonate, 

only one symmetry independent anion is found in the crystal structure, which is 

once again centrosymmetric with the inversion centre overlapping with the centroid 

of the tetrazine ring. 

 

 

 

 

 

13.27° 
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Figure 4.4-4. Crystal structure of H2L2(HIsophthalate)2, evidencing the ribbon arrangement of the 
molecules governed by hydrogen bonding and salt bridge formation.  

Figure 4.4-5. Detail of the ring-ring contact in the structure of H2L2(HIsophthalate)2. 

Figure 4.4-6. Detail of the π-π stacking interaction. 
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Crystallographic information for both benzenesulfonate and isophthalate complex 

structures are reported below in Table 4.4-1. 

Concerning crystallization conditions, pink crystals of H2L2(C6H5SO3)2∙H2O were 

obtained upon evaporation at room temperature of an aqueous solution of L2 

(0.01M) at pH 4.0 containing an excess of benzenesulfonate. Crystals of 

H2L2(HIsophthalate)2, were obtained by dropwise addition of an ethanolic solution 

of the dicarboxylic acid to a solution of the ligand in the same solvent without 

further pH adjustment. Slow evaporation at room temperature led to pink crystals 

of the complex.  

Table 4.4-1. Crystal data and structure refinement for the crystal structures of the organic anion 
complexes discussed above. 

 H2L2(C6H5SO3)2∙H2O H2L2(HIsophthalate)2 

Empirical Formula C26H38N6O9S2 C30H36N6O10 

Formula Weight 642.74 640.64 

Temperature (K) 150 150 

Space Group P n a 21 P 21/n 

a (Å) 15.1627(5) 6.8698(1) 

b (Å) 6.4915(4) 14.4541(3) 

c (Å) 29.4057(9) 14.7842(3) 

 (°) 90.00 90.00 

 (°) 90.00 95.204(2) 

 (°) 90.00 90.00 

Volume (Å3) 2894.36 1461.97 

Z 1 2 

R1 Indices 0.0622 0.0513 
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4.4.2 Solution Studies 

As in the case of their inorganic counterparts, the investigated series of organic 

anions does give rise to detectable interactions with our receptors in water. Stability 

constants of the anion complexes, obtained through potentiometric titrations 

performed in 0.10 M NMe4Cl at 298.1 ± 0.1 K, are reported in Table 4.4-2 for L1 and 

in Table 4.4-3 for L2. 

Table 4.4-2. Equilibrium constants (log K) for L1 anion complex formation determined at 298.1  0.1 K 
in 0.1 M NMe4Cl aqueous solution. Ligand and anion protonation constants included as references. 

Equilibrium log K 

H+ + L1 = HL+ 4.45(3) 

H+ + HL1+ = H2L12+ 3.45(3) 

HL1+ + CH3SO3
- = [HL1(CH3SO3)] 2.21(9) 

H2L12+ + CH3SO3
- = [H2L1(CH3SO3)]+ 1.6(2) 

HL1+ + C6H5SO3
- = [HL1(C6H5SO3)] 2.49(5) 

H2L12+ + C6H5SO3
- = [H2L1(C6H5SO3)]+ 2.48(5) 

H+ + CH3COO- = CH3COOH 4.51(1) 

L1 + CH3COO- = [L1(CH3COO)]- 2.71(8) 

L1 + CH3COOH = [L1(CH3COOH)] 3.27(5) 

HL1+ + CH3COOH = [HL1(CH3COOH)]+ 3.09(3) 

H+ + C6H5COO- = C6H5COOH 4.15(3) 

L1 + C6H5COO- = [L1(C6H5COO)]- 3.02(1) 

HL1+ + C6H5COO- = [HL1(C6H5COO)] 3.16(3) 

H2L12+ + C6H5COO- = [H2L1(C6H5COO)]+ 2.95(4) 

H+ + Pht2- = HPht- 5.10(3) 

H+ + HPht-= H2Pht 2.78(3) 

L1 + Pht2- = [L1(Pht)]2- 2.88(2) 

L1 + HPht- = [L1(HPht)]- 2.87(3) 

HL1+ + HPht- = [HL1(HPht)] 2.56(3) 

H2L12+ + HPht- = [H2L1(HPht)]+ 2.60(3) 

H+ + IPht2- = HIPht- 4.32(1) 

H+ + HIPht-= H2IPht 3.28(1) 

HL1+ + IPht2- = [HL1(IPht)]- 3.40(5) 

HL1+ + HIPht- = [HL1(HIPht)] 2.73(8) 

H2L12+ + HIPht- = [H2L1(HIPht)]+ 3.45(5) 
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Table 4.4-3. Equilibrium constants (log K) for L2 anion complex formation determined at 298.1  0.1 K 
in 0.1 M NMe4Cl aqueous solution. Ligand and anion protonation constants included as references. 

Equilibrium log K 

H+ + L2 = HL+ 6.19(1) 

H+ + HL2+ = H2L2+ 5.37(1) 

HL2+ + CH3SO3
- = [HL2(CH3SO3)] 1.41(8) 

H2L22+ + CH3SO3
- = [H2L2(CH3SO3)]+ 1.8(3) 

HL2+ + C6H5SO3
- = [HL2(C6H5SO3)] 1.44(6) 

H2L22+ + C6H5SO3
- = [H2L2(C6H5SO3)]+ 1.84(2) 

H+ + CH3COO- = CH3COOH 4.51(1) 

HL2+ + CH3COO- = [HL2(CH3COO)] 2.33(9) 

H2L22+ + CH3COO- = [H2L2(CH3COO)]+ 2.0(1) 

H2L22+ + CH3COOH = [H2L2(CH3COOH)]2+ 2.67(6) 

[H2L2(CH3COOH)]2+ + CH3COO- = [H2L2(CH3COOH)(CH3COO)]+ 2.74(6) 

H+ + C6H5COO- = C6H5COOH 4.15(3) 

L2 + C6H5COO- = [L2(C6H5COO)]- 1.82(9) 

HL2+ + C6H5COO- = [HL2(C6H5COO)] 2.18(5) 

H2L22+ + C6H5COO- = [H2L2(C6H5COO)]+ 2.62(3) 

[H2L2(C6H5COO)]+ + C6H5COO- = [H2L2(C6H5COO)2] 2.69(7) 

H+ + Pht2- = HPht- 5.10(3) 

H+ + HPht- = H2Pht 2.78(3) 

HL2+ + Pht2- = [HL2(Pht)]- 2.27(2) 

H2L22+ + Pht2- = [H2L2(Pht)] 2.6(3) 

H2L22+ + HPht- = [H2L2(HPht)]+ 2.0(7) 

H2L22+ + H2Pht = [H2L2(H2Pht)]2+ 1.9(1) 

[H2L2(Pht)] + Pht2- = [H2L2(Pht)2]2- 2.16(9) 

[H2L2(Pht)] + HPht- = [H2L2(HPht)(Pht)]- 1.64(3) 

[H2L2(HPht)]+ + H2Pht  = [H2L2(H2Pht)(HPht)]+ 2.97(7) 

[H2L2(H2Pht)]2+ + H2Pht = [H2L2(H2Pht)2]2+ 2.42(3) 

H+ + IPht2- = HIPht- 4.32(1) 

H+ + HIPht- = H2IPht 3.28(1) 

L2 + IPht2- = [L2(IPht)]2- 1.75(6) 

HL2+ + IPht2- = [HL2(IPht)]- 1.79(6) 

H2L22+ + IPht2- = [H2L2(IPht)] 2.37(1) 



151 

Despite being conspicuous, the amount of gathered data fails to produce a clear-cut 

picture, reinforcing the notion that unravelling the interplay of different 

supramolecular forces in a structured solvent like water is not easily accomplished.  

It should also be mentioned here, despite the accuracy and the appreciable 

detection limits of the technique, that potentiometry alone may not provide, in 

some cases, a clear speciation of the system. The generic complex species HxLyAz is 

univocally described by a {x; y; z} triad of numbers (cf. 2.1.1.2), however location of 

the protons on the anion or on the ligand is not necessarily taken for granted, 

especially when deliberately exploring host-guest pairs with ΔpKa ≈ 0 (e.g. pKa1(L1) 

= 4.45 vs pKa(CH3COOH) = 4.51). Accordingly, data reported in Table 4.4-2 and Table 

4.4-3, have been presented following both a logic order in terms of the relative 

basicity of the involved partners and the guidance offered by computer simulations. 

Anyhow, the coexistence of two species in solution possessing the same HxLyAz 

formula, but differing for the localization of protons (viz. a sort of supramolecular 

tautomerism, if one looks at the host-guest complex as a supermolecule) cannot be 

ruled out in some cases, potentially resulting in a weighted averaging of the 

observed binding constant. 

Nevertheless, several trends emerge from the data and will be further discussed 

also in view of the aforementioned in silico simulations, namely: 

1) Electrostatic forces alone do not correlate well with the observed stability 

of the complexes; 

2) L1 tends to form more stable complexes than L2; 

3) The species formed by L1 and L2 with the same guest can differ beyond the 

differences in basicity, L2 being inclined to form readily 1:2 ligand-anion 

complexes; 

4) The occurrence of anion complexes with neutral ligands is higher for 

aromatic guests; 

5) The occurrence of anion complexes with neutral ligands is higher for 

carboxylate anions than for sulfonates; 

6) Relative positions of anion sites on dicarboxylate anions influences the 

stability of the complexes. 

As in the case of the studied inorganic anions, there is a poor correlation between 

electrostatic forces alone and the observed binding constants (cf. 4.3.2), i.e. 

increasing charge separation between host and guest does not lead to the increase 

in complex stability expected for purely electrostatic interactions. Since this was 

already encountered for simpler inorganic species, and somewhat reinforced in 
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view of the increase in the number of possible interactions the organic anions series 

may engage in (π-π stacking above all), this observation should not surprise. 

In second instance, L1 tends to form more stable complexes than L2. Although in 

line with preorganization (or at least with a lesser decrease in conformational 

degrees of freedom upon complex formation) and charge density considerations, 

the fact that this is found in contrast with what observed for inorganic anions 

demands attention. Molecular modelling, performed using the empirical forcefield 

provided with the Hyperchem [50] package, proved relevant to assess the point. 

The calculated conformation for the benzoate complexes of both ligands, one of the 

cases in which L1 and L2 different basicity do not prevent the formation of the same 

species, reported below in Figure 4.4-7 and Figure 4.4-8, are useful to provide a 

possible explanation of this trend reversal. 

 

Figure 4.4-7. Calculated solution conformations of L1 complexes with benzoate (A). Distances in Å. 
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Figure 4.4-8. Calculated solution conformations of L2 complexes with benzoate (A). Distances in Å. 

Although it should be stressed that this kind of simulations is not perfect, treating 

water with polarizable continuum model overall resulting in the loss of the atomic 

details justifying the entropic contribution due to desolvation, the inspection of the 

minimum energy configurations are nevertheless revealing, at least for what 

concerns the enthalpic part of the interaction. 

In fact, L1 is always found U-shaped, with all the binding sites converging towards 

the anion, while for L2 this is not always the case. Also, the shorter methylenic 

spacer allows for a throughout contribution of the anion arenic portion to the 

interaction, which is found scarce in all the minimum energy conformations of L2. 

This is also found to be true for another series of homologous complexes, that of 

benzenesulfonate. 
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Figure 4.4-9. Calculated solution conformations of L1 and L2 complexes with benzenesulfonate (A). 
Distances in Å. 

As one can see in Figure 4.4-9, the more curled-up structure of L1 invariably results 

in an increase of involvement of the benzenic ring in the overall host-guest 

interaction. A point worth mentioning here, is that deprotonated complexes of 

benzenesulfonate are found to be marginally more stable than their 

monoprotonated counterparts (log K values 2.48 vs 2.49 for L1, 1.44 vs 1.84 for L2, 

Table 4.4-2 and Table 4.4-3), in agreement with what observed in the minimum 

energy conformations, where the second protonation brings not only stronger 

enthalpic contributions but also entropic losses due to the exposure of the 

hydrophobic part of the anion to the solvent. 

For the reasons discussed above, the higher overall stability observed for L1 

complexes indeed appears to be related to its more rigid character and the closer 

localization of its binding sites, favouring the cooperativity of the individual 

supramolecular forces. 
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One could wonder why the trend is reversed compared to the inorganic anion series: 

the answer here gets speculative, yet a main reason comes to mind: the geometry 

of the anions. Octahedral or tetrahedral anions offer the more flexible L2 the 

possibility to wrap around them more easily than the flat aromatic anions of the 

new series (cf. the case of benzoate Figure 4.4-8), offering several electron-rich 

binding sites amenable of accepting salt bridges or interacting with the tetrazine 

ring. On the contrary, L1, which with inorganic anions was obliged to resort to 

CH∙∙∙anion contacts (cf. 4.3.1), now manages to maintain host and guest aromatic 

portions in contact while giving rise to salt bridges with the anionic groups 

protruding from the benzene ring. This, reinforced by the magnified importance of 

solvation effects, the hydrophobicity of the anions being greatly increased in 

comparison to the inorganic ones, seems to lead to the observed difference in 

relative stability of the complexes among the two series of studied anions. 

The third point, i.e. the greater tendency of L2 to form 1:2 ligand:anion complexes, 

was already partially addressed. As one can observe for example in Figure 4.4-8, 

monoprotonated complexes are found in the signature chair conformation, leaving 

out the other face of the tetrazine ring and the additional morpholine group for the 

interaction with a second anion, resembling the centrosymmetric arrangement 

observed in the crystal structures of inorganic anion complexes (cf. 4.3.1). Such 

conformation is not amenable for L1, which, in fact, sticks to the 1:1 stoichiometry. 

Interestingly, only carboxylate anions (acetate, benzoate, phthalate, isophthalate) 

do give rise to 1:2 complexes with L2. This correlates well with the discussion on the 

influence of the anion geometry: carboxylate groups lay coplanar to their benzenic 

ring, allowing the charged groups to form salt bridges while the aromatic moieties 

can freely engage in parallel displaced π-π stacking interactions, which ultimately 

lead to the chair conformation observed for the ligand in L2 complexes (cf. Figure 

4.4-8). This is not the case for sulfonate anions, the umbrella shape of the charged 

group forces the system to choose: if a linear strong salt-bridge is formed, imperfect 

matching in the π-π stacking interaction is not avoidable; else, if the stacking 

interaction is preferred, the contribution of charge-charge interaction is greatly 

sacrificed. As a matter of fact, when the ligand is diprotonated it probably wraps 

around the anion as portrayed in Figure 4.4-9, two salt bridges taking the upper 

hand over π-π stacking, leaving no possibility of other stoichiometries but 1:1 even 

for the flexible L2. 

A borderline, and thus interesting, case is offered by acetate, which surely maintains 

the geometrical features of the other carboxylate anions, yet lacks entirely of the 

aromatic portions, partially invalidating some of the above arguments. 
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In fact, without the stabilizing contribution of π-π stacking, the [H2L2(acetate)]+ is 

predicted to be in a folded conformation by our simulations, closely resembling the 

situation encountered for sulfonate anions. Differently from them, however, 

acetate is a base, although of modest strength, thus it can undergo protonation: in 

the calculated conformation of [H2L2(Hacetate)]2+ the ligand opens up once more in 

the familiar chair conformation, again resulting in the possibility of 1:2 

stoichiometry, which is indeed empirically encountered (Figure 4.4-10). 

 Figure 4.4-10. Calculated solution conformations of selected L2-acetate (A) complexes. 
Distances in Å. 

As a side note, the [H2L2(Hacetate)]2+ is a true species experimentally detected in 

solution, ambiguity in proton location being non-existent here, since host and guest 

cumulatively possess 3 protonable sites and exactly 3 protons are found in the 

complex. 

Overall, L2 tendency to form 1:2 ligand:anion complexes is due to its increased 

flexibility compared to L1, but it is subject to the geometry of the anions and their 

basicity, which ultimately lead to discriminate the tetrahedral and essentially non-

basic sulfonates from their carboxylate counterparts. 

The more we delve into the discussion, the more giving up pieces of information 

ahead of time is unavoidable: as a matter of fact, the observation at points 4 and 5 

have already been partially addressed. 

 

[H2L2-A]+ [H2L2-HA]2+ 
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The fact that complexes of the neutral, non-protonated, ligands are more common 

for aromatic guests, to the point that they are exclusively found with them (with the 

exception of the L1-acetate complex) (point 4), and for carboxylate anions over 

sulfonates, again exclusively (point 5), appears to be tied to three familiar concepts: 

π-π stacking interaction, solvent effect and geometry. 

Spontaneous association of non-polar solutes in water is commonplace, and it is 

well-known to be driven by the hydrophobic effect, here reinforced by anion-π and 

stacking interaction. The studied aliphatic anions are both missing any contribution 

from stacking interaction and far less hydrophobic than their aromatic counterparts, 

resulting in non-detectable, at least by means of our potentiometric method, 

association equilibria. This reinforces the notion that direct interaction of the π 

clouds is a factor in play for our complexes. 

Concerning the preference for carboxylates over sulfonates, it is once more a matter 

of geometry: flat carboxylates just sit on the tetrazine and stick to it (cf. Figure 4.4-7 

and Figure 4.4-8) causing extensive desolvation of both host and guest surfaces; 

things are a little more complicated with the three-dimensional sulfonates, which 

have to choose between anion-π or stacking interactions, and, even if the second is 

preferred, manage to accommodate their bulkier polar head without getting too 

close to the electronegative morpholine atoms.   

Coming to the sixth and last point of our analysis, regiochemistry of the two 

examined dicarboxylate anions, phthalate and isophthalate,15 matters towards their 

binding properties, phthalate being preferred by L2 and isophthalate by L1. Invoking 

a single explanation here is much more difficult due to the increased number of 

parameters to take into account: sure, there is a size and geometry 

complementarity due to the ortho and meta position of the anionic heads, but also 

solvation, which due to the PCM eludes our simulations, may play an important role, 

especially considering the differences that may exist between solvated proximal and 

distal sites. Computational work is still ongoing in this area. 

 

 

                                                           
15 Although marginal and easy to guess, the para- member of this isomers’ family was not 
blatantly set aside. The fact is that terephtalate is somewhat temperamental, unwilling to 
get along with practically any solvent: as such, its study was not feasible due to its extreme 
insolubility. 
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4.4.3 Conclusions  

The anticipated notion that this study was bound to result in a complicate picture 

was not disattended. 

Beyond chemistry, I think this is much revealing about (basic) research in general: 

at times, we set forth to go fishing in the pool in the garden (our simplified model 

systems) and we come back home with a basket of exotic seafood. 

Sure, importance and true contribution to the stability of complexes of the newly 

added π-π stacking interaction has invariably been demonstrated. However, 

additivity of supramolecular forces here is not granted, it happens in many cases, 

but, on occasion, the geometry restraints of the system force it to choose between 

π-π stacking and anion-π interactions. As such, a clear trend in the determined 

binding constants is hard to recognize, the only possible rationalization being a case-

by-case inspection of each complex species at the microscopic level. 

Observed differences in salt-bridge strength due to the matching of pKas of the 

interacting partners is barely detectable, yet a major distinction is found between 

sulfonates and carboxylate anions, both in terms of stoichiometry of the complexes 

and relevance of π-π stacking interaction. As discussed above, the main reason for 

it appears to lie in the geometry of the negatively charged groups. 

Lastly, effects of the increased flexibility of the L2 ligand are here limited to the 

possibility of 1:2 ligand:anion stoichiometries, but they do not imply a higher 

thermodynamic stability of L2 complexes over those of L1 as observed for the 

inorganic anions series. This also appears mainly as a consequence of the relative 

size and mutual arrangement of binding sites between host and guest. 
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4.5 L2 BINDING PROPERTIES TOWARDS THE SERIES OF HALIDE ANIONS 
In the following, the case study of L2 interacting with the whole series of halide 

anions, featuring solution, solid state and computational data, will be presented. 

Personally, I consider this as the most interesting piece of work herein presented 

for two reasons: first, our research could not get more basic than this, to the point 

that we are back to periodic properties. Being able to explore the structural and 

thermodynamic features of the very same anion-π interaction as the periodic 

properties of halide anions vary dramatically from the small hard and basic fluoride 

up to the bulky soft and polarizable iodide, with everything that goes with it, is a 

fantastic opportunity. In second instance, this work once again raises the awareness 

on solvation problems, on the effect that solvent has on each and every association 

equilibria: the gigantic binding constants of cations holding back the recognition of 

these effects for a long time. 

Since this is very important to me, and apparently at times I cannot avoid showing 

passion for my work, I will make sure that my Reader understands the state of the 

art on the subject. 

The observation of different behaviours of charged species in solution is normally 

addressed in one of two ways. 

The first, and sadly still more common, is resorting to the Hofmeister series. I do not 

mean to challenge its importance, it surely is a milestone in understanding ion 

solvation and has had beneficial influences on the development of the research 

field; yet it has three shortcomings: first, it is 129 years old, and some fancier 

descriptions start to be available; second, it is a qualitative ranking involving, in its 

original form, no more than 20 ions, as such its universality should be taken cum 

grano salis; lastly, it has a strong tie with protein behaviour, and really there is no 

need for proteins in a modern take on ion solvation, i.e. ions behave in solvents the 

way they do, involvement of proteins in the study is superfluous. By this, I just want 

to say that in 1888 Franz Hofmeister did not provide us with a universal definitive 

answer, the series does not even get close to explain everything, else this research 

field would be long gone. As such, Hofmeister series should not be invoked blindly 

and lightly, but only in pertaining cases. 

The second approach, or better the modern one, more incline to produce new 

experimental or simulation data in search of models for solvation of increasing 

validity, is, in my humble opinion, disgraced by a revealing name: the broad family 

of these studies going under the name of ion specific effects. 
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The name reveals that the foundation and novelty of the discipline lies in the 

acknowledgement that ions do behave differently from one another. But why did 

we ever think they would not? Is the periodic table not an orchestra or a chorus, 

each element being a performer with his own unique timbre? 

Yet we had been warned. The best science book ever16 says it plainly: 

“You must not trust the almost-the same (…), the practically the same, the nearly, 

the or, any surrogates or stopgaps. The differences may be small but can lead to 

radically diverse results, like railroad switches”.17 

Now that the state of the art on the matter has been sketched out, my Reader can 

fully appreciate the need of raising the awareness towards ion solvation and its 

implications in complex formation equilibria. 

4.5.1 Crystal Structures 

Crystal structures for L2 interacting with halide anions were obtained from aqueous 

(I-) or alcoholic media (water-methanol, for F-, pure methanol for Cl- and Br-). 

Interestingly, all of them are found to interact with the L2 ligand through two main 

contacts: the anion-π interaction, always found to be strong and centred, and one 

salt bridge involving the protonated nitrogen atom of the morpholinic pendants, as 

usual. 

4.5.1.1 Crystal Structure of (H2L2)F2∙3H2O∙MeOH 

In this first crystal structure, displayed in Figure 4.5-1, the ligand is found in a flat 

conformation, with the fluoride anion placed right above the centroid of the 

tetrazine forming anion-π interaction (F∙∙∙centroid distance 3.003 Å). As the anion is 

probably too small to force the folding of the ligand and forming both salt bridge 

and anion-π interaction with the same receptor molecule, the salt bridge, although 

extremely strong (HN∙∙∙F 2.604 Å), as expected for fluoride, is found within the anion 

and an adjacent ligand molecule. 

 

 

 

 

 

                                                           
16 According to the Royal Institution of Great Britain. 
17 From Potassium, in The Periodic Table by Primo Levi (1975). 
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Figure 4.5-1. Crystal structure of (H2L2)F2∙3H2O∙MeOH. Distances in Å. 

4.5.1.2 Crystal Structure of (H2L2)Cl2 

Chloride, apparently due to its size increase, enables the bending of the L2 ligand in 

its chair conformation, already encountered or several inorganic anions (cf. 4.3.1), 

and the simultaneous establishment of both anion-π and salt bridge interactions 

with the same ligand molecule (Figure 4.5-2). 

Figure 4.5-2. Crystal structure of (H2L2)Cl2. Distances in Å. 

 

2.604 

3.057 



162 

4.5.1.3 Crystal Structure of (H2L2)Br2 

Bromide gives rise to an almost isomorphic structure to that of chloride, with subtle 

barely appreciable differences, which will be further analysed in the analysis section 

(cf. 4.5.1.5). The crystal structure is reported in Figure 4.5-3. 

Figure 4.5-3. Crystal structure of (H2L2)Br2. Distances in Å. 

4.5.1.4 Crystal Structure of (H2L2)I2∙H2O 

The crystal structure of the iodide complex is the most diverse, including two non-

symmetry related ligand molecules interacting with the same number of non-

identical anions. Differences between the two distinct complexes found in the 

crystal are almost non-existent (HN∙∙∙I distances 3.451 and 3.465 Å, I∙∙∙centroid and 

offset values 3.70/0.32 and 3.67/0.27 Å respectively), with the absence of further 

crystallographic symmetries being due to the stronger interaction of the co-

crystallized water molecule with one of the two complexes. In depth discussion on 

the matter is postponed to the polyiodide section (cf. 4.6.1.1), as these crystals are 

the progenitors of the series and the argument much more relevant in that context. 

Here we will take as reference the stronger interacting iodide anion (the other one 

being so similar that one could easily use the same image and change the displayed 

distances of few hundredth of Å) and discuss the host-guest arrangement. 

3.235 
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Figure 4.5-4. Crystal structure of (H2L2)I2∙H2O. Distances in Å. 

As showed in Figure 4.5-4, the interaction pattern resembles that encountered for 

fluoride, though arguably for the opposite reason: iodide seems too bulky to form 

both anion-π and salt bridge interaction with just one ligand molecule, as such it 

prefers to stick to the tetrazine molecule of one receptor while forming a salt bridge 

with the protonated nitrogen atom of an adjacent ligand molecule.  

4.5.1.5 Analysis and Discussion 

Relevant geometric parameters useful for the assessment of the anion-π and salt 

bridge interactions have been extrapolated and gathered in Table 4.5-1. 

Table 4.5-1. Relevant distances useful for the assessment of the main host-guest interaction 
encountered in the crystal structure of L2-halide complexes. 

 † Values corrected for relative ionic radii. 

Anion Anion-Centroid Anion-Centroid† 
 

Offset 
 

Salt Bridge Length 
HN∙∙∙X 

F- 3.003 1.67 0.363 2.604 

Cl- 3.311 1.50 0.452 3.057 

Br- 3.409 1.45 0.246 3.235 

I- 3.671 1.47 0.271 3.451 

 

At first sight, and much unsurprisingly, fluoride is recognized as the anion forming 

the strongest salt-bridges, the other halide anions following, as expected, in their 

natural order. 

More interesting are data on the anion-π interaction. Although moving down along 

the group anion-centroid distance just seems to increase, taking in consideration 

3.451 



164 

the actual size of the anions, i.e. correcting the data for the relative ionic radii, a 

different trend may be discerned, indicating that tetrazine-anion contacts could be, 

in truth, getting more and more intimate moving down along the group. 

Chloride and bromide complexes, due to their quasi-isomorphism, offer the chance 

of an in-depth comparison of the relevant geometric parameters for the 

interactions, impossible, with the same trustworthiness, for complexes showing 

different overall conformations. As one can see, moving from chloride to bromide 

we have a weakening of the salt bridge (this time not ascribable to the difference in 

ionic radii, as the observed change is almost double if compared to the difference 

between their sizes) accompanied not only by a shortening of the anion-centroid 

distance, but also by a shift of the anion towards more centric position on the 

tetrazine, chloride being, in fact, the anion showing the highest offset value. 

This peculiar transition situation for the chloride anion, which seems to form both 

far weaker salt bridges than fluoride and meeker anion-π interactions than bromide 

or iodide, will be further discussed also in view of the results of the solution study. 

Crystallographic parameters for the four structures of halide complexes are 

provided below in Table 4.5-2. 

Table 4.5-2. Crystal data and structure refinement for the crystal structures of the halide anion 
complexes discussed above 

 (H2L2)F2∙3H2O∙MeOH (H2L2)Cl2 (H2L2)Br2 (H2L2)I2∙H2O 

Empirical 
Formula 

C15H36N6O6F2 C14H26N6O2Cl2 C14H26N6O2Br2 C14H26I2N6O3 

Formula Weight 434.48 381.30 470.20 580.21 

Temperature (K) 150 150 150 150 

Space Group C 2/c P 21/n P 21/c P -1 

a (Å) 12.1360(5) 5.8409(2) 6.0275(6) 7.7303(6) 

b (Å) 8.6567(4) 13.9837(7) 13.5630(9) 7.7864(6) 

c (Å) 19.1395(7) 11.5093(5) 11.9342(9) 22.022(2) 

 (°) 90.00 90.00 90.00 86.949(7) 

 (°) 92.145(4) 103.017(4) 104.374(8) 87.158(7) 

 (°) 90.00 90.00 90.00 60.575(8) 

Volume (Å3) 2009.34 915.893 945.091 1152.5(2) 

Z 2 2 2 2 

R1 Indices 0.0786 0.0484 0.0377 0.0517 
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4.5.2 Solution Studies 

Once more, we were able to determine a few thermodynamic parameters for halide 

complexation with L2 through our potentiometric technique. The gathered data, 

again obtained in 0.10 M NMe4Cl aqueous solution at 298.1 K, are reported below 

in Table 4.5-3. 

Table 4.5-3. Equilibrium constants (log K) and associated ΔG° for ligand protonation and L2-halide 
anions complex formation determined in 0.1 NMe4Cl aqueous solution at 298.1 ± 0.1 K. 

Equilibrium log K -G° kJ/mol 

L2 + H+ = HL+ 6.19(1) 35.3(1) 

HL2+ + H+ = H2L22+ 

 

5.37(1) 30.6(1) 

HL2+ + F- = (HL2)F 1.58(8) 9.0(5) 

H2L22+ + F- = [(H2L2)F]+ 

 

1.97(3) 11.2(2) 

H2L22+ + Br- = [(H2L2)Br]+ 

 

1.3(1) 7.6(6) 

HL2+ + I- = (HL2)I 2.03(7) 11.6(4) 

H2L22+ + I- = [(H2L2)I]+ 

 

2.35(4) 13.4(2) 

Before proceeding, let us deal with the point which may seem an unbearable major 

fallacy for the goodness of the data: why would we ever work in a chloride ionic 

medium when striving to determine halide anions binding constants? Is it not 

obvious that we could not determine binding constants for chloride itself in these 

conditions? 

When we started this discussion on anion-binding in solution (cf. 4.3.2), possible 

bias of the data due chloride competition for the ligand was foreshadowed to avoid 

omitting anything. Yet three main reasons support our choice for NMe4Cl as our 

ionic medium and put its eventual influence into perspective. 

First, maintaining unaltered the same experimental conditions appears as a 

requirement for the comparability of different data sets, ultimately contributing to 

the oneness of the work as a whole. 

In second instance, although non-interacting anions, the so-called innocent anions, 

are indeed recommendable as ionic media, presumption of innocence does not 

apply in chemistry: if existence of an expected interaction is not proven, we still have 

to take its possibility into consideration until the real presence of an interplay is 

confirmed or otherwise confuted. It is worth mentioning here, that several anions 

commonly used as non-interacting ionic media (e.g. perchlorate and nitrate) have 

been reported to interact with L2 in water (cf. 4.3) (and to do so in the presence of 

a hundredfold excess of chloride, considering 0.10 M NMe4Cl was used in the 

measurements); as such, they would have made into far worse choices than 
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chloride, although, right off the bat, this was not manifest at all. The point of the 

discussion however, is not presenting chloride as the only anion for which there are 

no proven interactions in water, although this is perfectly in line with the data, but 

questioning the existence of truly non-interacting anions and consequently the 

possibility of completely ruling out the hypothetical bias induced by the ionic 

medium, whatever its nature. 

Lastly, it is important to reassure the Reader that the observed lack of interaction 

between chloride and L2 is not artificial. In principle, HYPERQUAD (cf. 2.1.1.2) 

treatment of protonation curves of the ligand alone in 0.10 M NMe4Cl, may result 

in values for the two protonation constants which somehow encompass the 

presence of scarce amount of L2 chloride complexes in solution, not detectable per 

se, but potentially causing little adjustments of the protonation constants values 

during the refinement process to account for their presence. This possibility has 

been taken into account and addressed experimentally by varying NMe4Cl 

concentration by ±10% (i.e. repeating the measurements in 0.11 and 0.09 M NMe4Cl 

aqueous solution). This was done to explore the effect of altering chloride 

concentration (together with its L2 complexes eventually formed) without changing 

significantly the ionic strength (which has its own proven impact on the determined 

equilibrium constants): if chloride complexes formation do really exist in solution 

and alter the observed protonation constants of L2, discrepancies between the 

protonation constant determined in different conditions should manifest. This was 

found not to be the case, demonstrating, if not the non-interaction of chloride with 

L2, its extremely weak character, which places it far below the detection limit of our 

potentiometric technique. 

Overall, this means that the lack of data on chloride should be regarded as the proof 

of this anion being the most weakly bound anion in the series, if bound at all, the 

other halides being all appreciably interacting with L2 despite a hundredfold excess 

of chloride present in the measurement cell. 

Two are the general trends observed from the available binding constants: first, we 

have again scarce correlation between stability and charge. When binding constants 

with the mono- and di-protonated L2 ligand are available, the rise in stability is only 

about 2 kJ/mol, about 40% of what is expected for the formation of a single salt 

bridge in water. This is a common feature invariably observed with our tetrazine-

based ligands, indicating forces other than electrostatic as the most important for 

these system, i.e. the anion-π interaction, which dominates L2 complexes with 

halide anions in the solid state (cf. 4.5.1), and the effect of the solvent, which should 

be reckoned with in solution studies. 
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The second trend is that of the overall complex stability encountered moving along 

the halide series: the tendency is highlighted below in Figure 4.5-5. 

Figure 4.5-5. Stability trends observed for mono- and di-protonated complexes of the ligand L2 with 
halide anions. K value for the formation of [H2L2(Cl)]+ complex arbitrarily set to 0, as it is expected to 

be around this value. 

Assuming minima of stability for the undetectable chloride complexes, a non-

obvious curve is obtained featuring maxima of complex stability for anions at the 

extreme of the series, a decreasing for bromide, and the reaching of the 

aforementioned minima for chloride. 

A possible rationalization of data involves invoking two opposite tendencies: on one 

side, the basicity and charge density which strengthen the interactions with the 

ligand, decreasing in the fluoride to iodide direction, and solvation free energy and 

solvent effect on the other, the larger and more poorly solvated the anion the 

stronger its tendency to desolvate and stick to the ligand, this contribution to 

association decreasing in the iodide to fluoride direction. 

Another, equivalent, point of view is that of discriminating an entropic and enthalpic 

driving force: replacement of anion-water interaction with the more stabilizing salt 

bridges being the reason for the strong association of fluoride; on the contrary, 

iodide simply replaces the weak anion water interactions with anion ligand ones 

with no necessity of huge stability gains, as the entropy gained in the release of a 

large number of water molecules back into the bulk solvent is more than enough to 

promote the overall process. 
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Justifying what happens in between the series, properly addressing the effect of the 

solvent, the role of the host and guest size, as well as charge density and 

polarizability, will require further in-depth study. 

DFT (ωB97X-D) optimized geometries for diprotonated complexes in PCM water 

with the 6-31+G(d, p) and LANL2DZ basis sets (the latter for iodide) are showed 

below in Figure 4.5-6. 

Figure 4.5-6. DFT optimized geometries for fluoride, chloride, bromide and iodide H2L22+ complexes in 
PCM water. 

Although finer simulation with explicit water molecules would be needed, we can 

observe how the overall geometry of the complex does not differ significantly, 

having the ligand in an U-shaped conformation with the morpholine pendants more 

and more spread as the guest ion becomes bigger and bigger. Also differences in 

solvation are appreciable, with fluoride totally engulfed by the ligands while other 

halide anions still manage to expose some surface to the solvent also in their 

complexed forms. 

Relevant parameters, displayed in Table 4.5-4, mirrors the aforementioned 

observations: salt bridges are found prominent for fluoride, and decreasing in 

strength down along the group, while anion-π interaction becomes of increasing 

importance, especially in the case of iodide where a certain degree of charge 

delocalization could strengthen the interaction of the anion with the tetrazine. 
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Table 4.5-4. Relevant geometric parameters for halide-H2L2+ interactions in the DFT optimized 
complexes. 

 

4.5.3 Conclusions 

Periodic properties of halide anions and their influence upon complex formation 

with the L2 ligand have been explored. Both crystal structures and solution studies 

confirm the central role of the tetrazine moiety as a fundamental anion binding site 

for these complexes, together with salt bridge formation involving the protonated 

nitrogen atoms of the morpholinic pendants. 

Both salt bridges and anion-π contributions showed a dependence on the properties 

of the halide in their solid complexes, tendency to form strong salt bridges decreases 

from fluoride to iodide, while the reverse seems to hold for anion-π interactions. 

The overall trend exhibited by the complex formation constants, however, is not at 

all linear, suggesting the working hypothesis of two competing trends subtending 

the observed behaviour: an enthalpic drive for fluoride-like species which give rise 

to strong interactions with the ligand, and an entropic one, ultimately due to solvent 

effect, for softer species like iodide. 

Both solution and solid-state data indicate chloride as the least interacting anion of 

the series, having lost most of the basic and polarizing character of fluoride and not 

yet gained the bigger dimensions and softer behaviour of bromide and iodide. 

Even our preliminary in silico calculation agree with the overall picture and seem to 

point out differences in solvation and hydration free energies as a discriminating 

factor. 

Unsurprisingly, each anion is found to behave in its own specific way. 

 

 

Anion Anion-Centroid Salt Bridge Length Mulliken Charge (au) N-X-N Angle 

F- 2.731 Å 2.537 – 2.542 Å -0.69 166.28° 

Cl- 3.307 Å 3.103 – 3.103 Å -0.71 141.26° 

Br- 3.374 Å 3.203 – 3.200 Å -0.73 125.23° 

I- 3.695 Å 3.541 – 3.541 Å -0.55 119.50° 
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4.6 STABILIZATION OF POLYIODIDES THROUGH ANION-Π INTERACTIONS: 

TOWARDS SOLID-STATE CONDUCTORS 
Within the multifaceted chemistry of anions, the behaviour of iodide and 

polyiodides occupies a special position, as a wide spectrum of structures, ranging 

from isolated units to complicated three-dimensional networks, passing through 

linear chains and two-dimensional assemblies, can be generated from three simple 

building blocks: I2, I- and I3
-. This kind of structural features are made possible by the 

ability of iodine to concatenate via donor-acceptor interactions, the character of 

each assembly being regulated by its chemical environment. In the solid state, for 

instance, polyiodides of variable structures can be generated by using different 

countercations. 

The understanding of such a structural variety is an interesting challenge, especially 

when considering that the hypervalency exhibited by several large polyiodides is not 

easily justified by simple covalent bonding models and, accordingly, the nature of 

bonding in polyiodide anions has been the object of intense theoretical 

consideration. Furthermore, the particular electrical conductivity and redox 

properties of polyiodide systems have gathered interest toward their application for 

the development of dye-sensitised solar cells and solar batteries, where they have 

been incorporated in many different forms, including aqueous solutions, ionic liquid 

electrolytes, gel polymer electrolytes or even solid state crystalline conductors. 

In view of this, polyiodide binding appeared as a new intriguing testing ground for 

our receptor molecules, to which we were also driven by the unusual behaviour 

observed for L2-Iodide crystallization media, which yields different types of crystals, 

recognizable to the naked eye, depending on the conditions (vide infra). 

Although among our strongest interacting receptors, L1 and L2, only the latter could 

be studied, L1 undergoing degradation in even slightly acidic media in the presence 

of I-, two of the solved crystal structures, (H2L2)2(I3)3I.4H2O and H2L2(I3)2
.2H2O, 

proved extremely interesting as a complete segregation of ligand and anion in 

discrete planes was observed, fostering their proposal as potential solid-state 

conductors. Electrical conductivity and spatial arrangement are closely related for 

polyiodide systems, as conduction generally happens through a Grotthuss-like 

mechanism, in which charge (i.e. electrons) alone are transferred through an 

internal reversible rearrangement of intra- and inter-molecular bonds, i.e. without 

mass transport. 

Studies concerning thiocyanate binding are also reported within this section with 

the aim of providing a background on the solution behaviour of these systems. Since 

triiodide-containing complexes proved of extreme insolubility in water, the 
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pseudohalogen SCN- ion, the only one of linear geometry so far addressed in our 

solution studies, was devised as a possible model for the interaction in solution. 

4.6.1 Crystal Structures 

4.6.1.1 Crystal Structure of (H2L2)I2∙H2O 

Crystals of (H2L2)I2
.H2O (1) suitable for single crystal X-ray analysis were obtained by 

slow evaporation of an aqueous solution containing L and I- at pH 3, in an anaerobic 

atmosphere at room temperature. Microcrystalline samples of the same compound 

can be obtained even under aerobic conditions provided that crystallization occurs 

in a few hours, otherwise complex (H2L2)2(I3)3I.4H2O (2) is obtained. The crystal 

packing of 1 is built up by alternate planes of two sets of symmetry independent 

H2L2I2 adducts developing in the (001) and the (002) crystallographic planes, 

respectively. In each H2L2I2 adduct (Figure 4.6-1 and Figure 4.6-2), the ligand is 

placed around an inversion center, giving rise to anion-π interactions with two 

iodide anions placed one above and one below its tetrazine ring (I∙∙∙ring centroid 

/offset distances 3.70 /0.32 Å –(001) plane– and 3.67/0.27 Å –(002) plane–). 

Figure 4.6-1. Crystal structure of (H2L2)I2∙H2O (1): ligand conformation and anion-π contacts (a) in 
H2L2I2 adduct developing in the (001) crystallographic plane (b). Distances are in Å. 
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Figure 4.6-2. Crystal structure of (H2L2)I2∙H2O (1): ligand conformation and anion…π contacts (a) in 
H2L2I2 adduct developing in the (002) crystallographic plane (b). Distances are in Å. 

 

Moreover, each iodide is H-bonded to two adjacent ligand molecules, through the 

protonated morpholine nitrogen on one side and a CH hydrogen bond on the other 

one (N∙∙∙I 3.451(8) Å and C∙∙∙I 4.010(8) Å –(001) plane, Figure 4.6-1– and N∙∙∙I 

3.485(6) Å and C∙∙∙I 4.046(3) Å –(002) plane Figure 4.6-2–). In the (001) plane, the 

NH∙∙∙I contacts are directed along the b axis, while, in the (002) plane, the analogous 

contacts point in the [100] direction. Actually, both ligand conformations and 

relative anion/receptor spatial dispositions are very similar, and the major reason 

for the lack of additional crystallographic symmetries is the presence of a co-

crystallized water molecule which joins the two H2L2I2 systems, forming stronger 

interactions with the one developing in the (002) plane (OW1∙∙∙C9 3.68(1) Å, Figure 

4.6-3). 

In both planes, the conformation assumed by the ligand can be considered 

intermediate between the planar and the chair conformations previously observed 

in the crystal structures of H2L22+ complexes with ClO4
-, PF6

- and NO3
- anions. 

Interestingly, in most of these complexes, as well as in all crystal structures solved 

up to now for the anion complexes with L1 and L3, anion and receptor almost 

exclusively form anion-π contacts, without the contribution of additional H-bonds 

from the protonated nitrogen atoms, which, instead, are very often in contact with 

water solvent molecules. In analogy with the behavior seen in these structures, we 
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can hypothesize that, even in H2L2I2, the anion-π interaction strongly contributes to 

stabilize the complex. As a matter of fact, the anion is very well placed above the 

ring centroid, and the anion∙∙∙centroid distance (3.67 and 3.70 Å) is significantly 

short with respect to the iodide ionic radius (2.20 Å). 

Figure 4.6-3. Crystal packing of compound 1. Water∙∙∙carbon (OW1∙∙∙C9) contacts with the H2L2I2 
molecular system developing in the (002) plane. 

4.6.1.2 Crystal Structure of (H2L2)2(I3)3I∙4H2O 

When crystals of 1 are left in contact with the mother liquor and exposed to the air, 

they slowly re-dissolve while crystals of (H2L2)2(I3)3I∙4H2O (2) are formed as a 

consequence of the spontaneous air oxidation of I- to I2 (I3
-). Crystals of 2 are also 

the product of slow evaporation of acidic solutions of L2, not protected from the air, 

in the presence of I-. No further air oxidation of this compound was observed over 

several months. 

In the structure of 2, the three symmetry independent triiodide anions lie on 

crystallographic inversion centers. Two of them are in contact with the ligand 

tetrazine ring, both giving a side-on interaction (Figure 4.6-4a). Nevertheless, while 

one of them is very well placed above the ring centroid (I∙∙∙ring centroid/offset 

distances 3.57/0.30 Å), the other one is more displaced toward the ring periphery 

(I∙∙∙ring centroid/offset distances 3.61/0.80 Å). Interestingly, this second triiodide 

places its central iodine just above a C-N aromatic bond, giving an 2-type binding. 
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Figure 4.6-4. Crystal structure of (H2L2)2(I3)3I∙4H2O (2): ligand conformation and I3
-∙∙∙π contact (a); 

honeycomb-like network given by protonated ligands and co-crystallized water molecules and T-
shaped pattern of triiodide anions (c). Distances are in Å. 

Crystallographic symmetry imposes both linearity and equal I-I bond distances to all 

anions, which are indeed found very similar (I-I bond distances in the three triiodides 

are 2.930, 2.933 and 2.937 Å). Alternation of triiodide and iodide anions gives rise 

to the overall honeycomb-like T-shaped structure portrayed in Figure 4.6-4b. 
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4.6.1.3 Crystal Structure of H2L2(I3)2∙2H2O 

The very insoluble H2L2(I3)2∙2H2O (3) complex was obtained from the components 

by using a diffusion method (cf. 2.3). In its crystal structure, the asymmetric unit 

contains two half ligand molecules, each interacting with triiodide through the 

tetrazine ring. In particular, as shown in Figure 4.6-5a,b, both end-on (a) and side-

on (b) binding modes are found. In the case of triiodide (a), the I∙∙∙.ring centroid 

distance is 3.60 Å with an offset of 0.45 Å. This triiodide is almost symmetric and 

linear (I-I 2.94(2) and 2.91(2) Å, I-I-I angle 178.28(6)°). Instead, the anion (b) is 

strongly asymmetric, bent (I-I 2.796(2) and 3.098(2) Å, I-I-I angle 174.25(6)°) and 

almost aligned along the C−C axis. The central iodine atom is almost perfectly placed 

above a tetrazine nitrogen. The I∙∙∙N distance is only 3.64(2) Å, significantly shorter 

than the sum of the van der Waals radii (3.7 Å) and, together with the overall 

asymmetry of the anion and its remarkable deviation from linearity, could be a 

consequence of charge-transfer or coulombic interactions taking place within the 

crystal. Parallel zig-zag chains are formed by the head-to-tail disposition of the 

anions (Figure 4.6-5c). 

Figure 4.6-5. Crystal structure of H2L2(I3)2∙2H2O (3): end-on (a) and side-on (b) I3
-∙∙∙π contacts; 

honeycomb-like network given by protonated ligands and co-crystallized water molecules and zig-zag 
chains of triiodide anions (c). Distances are in Å. 
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4.6.1.4 Crystal Structure of H2L2(SCN)2 

The crystal structure of the H2L2(SCN)2 compound contains centrosymmetric 

diprotonated ligand molecules interacting with two symmetry related thiocyanate 

anions (Figure 4.6-6). The ligand assumes a chair-type conformation, similar to that 

previously reported for its ClO4
-, NO3

-, PF6
- complexes, in which the morpholine 

pendant arms are in trans position with respect to the tetrazine ring. The two SCN- 

anions are localized in a side-on conformation just above, and below, the tetrazine 

ring, almost aligned along the C−C axis. The projection of the sulphur atom of each 

anion on the tetrazine plane lies completely outside the ring, while both nitrogen 

and carbon positions are representative of an anion-π interactions with the 

electron-poor aromatic group (distances from ring centroid/offset 3.19/0.46 Å for N 

and 3.35/0.72 Å for C). Furthermore, the thiocyanate nitrogen forms a strong H-

bond (H∙∙∙N distance 1.75(7) Å, N-H∙∙∙N angle 174(6)°) with the morpholine 

protonated nitrogen. Interestingly, the H∙∙∙N-C angle featuring the H-bond (161(2)°), 

as well the N-C intra-ion bond distance (1.187(8) Å), strongly suggest the presence 

of a triple bond between nitrogen and carbon in the thiocyanate anion. This 

connectivity implies that the negative charge is formally associated to the sulphur 

atom, which, as a matter of fact, is in contact with a hydrogen atom of a CH2 group 

linked to the tetrazine ring (H∙∙∙S distance 2.861(1) Å). 

Figure 4.6-6. ORTEP drawing of H2L2(NCS)2. Thermal ellipsoids plotted at 40% probability level. 
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4.6.2 Analysis and Discussion 

The crystal structures of 2 and 3 show close analogies, despite crystals of these 

complexes belong to different space groups and crystal systems (Table 4.6-1). 

Concerning the possibility of their use, the most important similarity between them 

is the segregation of ligands and anion in discrete infinite planes, fostering the 

opportunity, at present under evaluation, of electrical conductivity along the planes 

of anions according to a Grotthuss-like mechanism. Depictions of the planes of 

anions found in structures 2 and 3 are reported below in Figure 4.6-7 and Figure 

4.6-8, together with an analogous depiction of structure 1 (Figure 4.6-9), which 

appears unfit to conduction studies due to the presence of the iodine species only 

as single ligand-separated centres with no communication between one another. 

Figure 4.6-7. Depiction of the anion planes in (H2L2)2(I3)3I∙4H2O (2). The three non-equivalent triiodide 
and the iodide anions are shaded differently to appreciate their mosaic. 

Figure 4.6-8. Depiction of the anion planes in H2L2(I3)2∙2H2O (3). The two non-equivalent anions are 
shaded differently to appreciate their mosaic. 
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Figure 4.6-9. Depiction of the crystal structure of (H2L2)I2∙H2O (1) showing no close contacts between 
iodine species. 

 

Table 4.6-1. Refinement and crystallographic parameters for 1, 2, 3 and H2L(NCS)2 structures. 

 (1) (2) (3) H2L2(NCS)2 

Empirical Formula C14H26I2N6O3 C14H26I5N6O4 C14H26I6N6O4 C16H26N8O2S2 

Formula Weight 580.21 976.91 1103.81 426.57 

Temperature (K) 150 100 100 293 

Space Group P -1 P 21/c P -1 P 21/c 

a (Å) 7.7303(6) 14.3403(3) 7.5053(6) 12.334(2) 

b (Å) 7.7864(6) 14.3161(2) 13.5410(7) 6.816(1) 

c (Å) 22.022(2) 13.8619(3) 14.5928(9) 12.497(2) 

 (°) 86.949(7) 90 99.590(5) 90 

 (°) 87.158(7) 106.228(2) 102.045(6) 96.61(1) 

 (°) 60.575(8) 90 94.974(5) 90 

Volume (Å3) 1152.5(2) 2732.42(9) 1418.74(16) 1043.5(3) 

Z 2 4 2 2 

R Indices R1 = 0.0517 R1 = 0.0660 R1 = 0.1013 R1 = 0.1013 

 

Analogies between the structures 2 and 3 are not limited to this, in fact in both 

crystalline structures the ligand assumes almost the same conformation, the 

protonated nitrogen atoms of the morpholine rings pointing toward opposite 

directions and establishing water assisted contacts with the oxygen atoms of 

adjacent ligands (Figure 4.6-4b and Figure 4.6-5c). Protonated ligands and co-

crystallized water molecules define honeycomb-like networks developing parallel to 

the (100) planes both in 2 and 3. The similarity between these two structures goes 

even further, since the tridimensional arrangement attained by the ligand molecules 

is practically the same in both of them, as evidenced by the graphical 
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superimposition of the ligand components of the crystalline structure (Figure 

4.6-10). Thus, the prime differences between structures 2 and 3 are the number of 

iodine atoms and their arrangement into discrete anions, leading to different 

interhalogen contact networks in the anionic planar layers sandwiched between 

two successive planes of protonated ligands. Some contacts of the iodine anions 

with the aliphatic hydrogen atoms (H∙∙∙I distances in the range 3.0-3.21 Å) contribute 

to stabilize the interplanar interaction. In 3, parallel zig-zag chains are formed by the 

head-to-tail disposition of the anions (Figure 4.6-5c). Interestingly, the I∙∙∙I contacts 

in these chains (I2∙∙∙I6 3.530(2) and I4∙∙∙I5 3.578(2) Å) can be regarded as secondary 

bonds, being the van der Waals contacts about 3.8-3.9 Å. In the mixed I-/I3
- system 

2, iodide and triiodide anions alternate giving the T-shaped pattern shown in Figure 

4.6-4b. This structure features longer I∙∙∙I contacts ranging from 4.0230(9) to 

4.3413(9) Å. 

Figure 4.6-10. Superimposition of ligand and water molecules of the crystalline structures 2 and 3. 

Further information about geometries and structures of the different triiodide 

anions of 2 and 3 were acquired by the analysis of their Raman spectra (Figure 

4.6-11) in the frequency region below 250 cm-1 which is characterized by vibrations 

involving the I3
- units. 
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In complex 2, a single prominent band is observed at 110 cm-1 (Figure 4.6-11a), 

although, as shown by the inset, a lower intensity structure is present with weak 

shoulders at 60, 75 and a broad one at 154 cm-1, respectively, and an additional very 

weak band at 221 cm-1. Crystals of 3 show a more structured spectrum, where the 

main band centred at 112 cm-1 is surrounded by few medium intensity peaks, 

indicating that I3
- anions have lower symmetry than in the case of 2. 

In crystals of 2 ((H2L2)2(I3)3I∙4H2O, Figure 4.6-4), three kinds of I3
- anions were 

identified, displaying linear and symmetric structures but with slightly different I-I 

bond lengths. For each anion, three vibrational modes are expected (one twofold), 

among which only the symmetric stretching is Raman active. Therefore, the intense 

band at 110 cm-1 can be assigned to this vibration (1). The presence of the very 

weak band at 221 cm-1, assigned as 21, supports the linear structure of the ions. 

However, small deviations from linearity, when randomly occurring, can be 

compatible with an observed overall centrosymmetric lattice. In such a case, 

bending and asymmetric stretching would become Raman active, even though with 

very weak intensities. Most likely, the shoulders at about 75 cm-1 and 154 cm-1 have 

a similar origin and can be related to the bending (2) and asymmetric stretching 

(3), respectively. The latter has been previously observed around 140-145 cm-1. The 

difference with the present data may be ascribed to the difficulty in accurately 

locating the maximum position because of the convolution with the very intense 1.  

The 60 cm-1 shoulder can be attributed considering that, at room temperature, 

excited low frequency vibrational modes may be populated, hence also (1-2) 

vibrational transitions other than the fundamental (0-1) can be observed. For this 

reason, the 60 cm-1 is probably a hot band transition of the bending vibration 2. 

Alternatively, it could be considered a lattice vibration (i.e. I3
- with respect to the 

ligand), but in our opinion 60 cm-1 is a too high value for lattice modes. 

As shown before, crystals of 3 (H2L2(I3)2
.2H2O, Figure 4.6-5) contain two differently 

conformed I3
- anions, (a) and (b), featuring end-on and side-on interaction modes, 

respectively, with the tetrazine ring. Both are non-linear, the bending angle of (b) 

being larger than that of (a). Moreover, the I-I distances are not symmetric with 

respect to the central atom and this is more evident in (b) than in (a), the latter being 

more similar to the symmetric I3
- anions of complex 2. Due to the loss of symmetry 

of (a) and (b), all three vibrational modes become Raman active accounting for the 

higher number of bands in the spectrum and for their increased intensities (Figure 

4.6-11, Table 4.6-2). Furthermore, the deviation from linearity of these anions 

causes a lowering of the force constant of bending vibrations, justifying, in the (a) 

case, the frequency shift toward lower energies (75/70 cm-1; 145-140/136 cm-1) 

observed for the relevant bands. 
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Figure 4.6-11. Raman spectra of 2 (H2L2)2(I3)3I∙4H2O (a) and 3 H2L2(I3)2∙2H2O (b). 
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Table 4.6-2. Observed Raman frequencies of crystalline H2L2(I3)2∙2H2O (2, (a) and (b)) and 
(H2L2)2(I3)3I∙4H2O (3) complexes. 

2 3(a) 3(b) Assignment 

60 vw 64 mw  Bending 2 υ(1-2) 

75 vw 70 w  Bending 2 υ(0-1) 

110 vs 112 s  Symmetric Stretch 1 

154 bs 136 ms  Asymmetric Stretch 3 

221 vw 220 w  21 

  85 m Stretching I2∙∙∙I- 

  160 m Stretching I-I∙∙∙I- 

In (b), the I-I bond distances from the central iodine atom, although still below the 

limit reported for intramolecular distances in polyiodide systems (3.3 Å), are rather 

different, giving this triiodide anion some similarity with a I2∙∙∙I- system. This may 

help in the assignment of the 160 cm-1 and 85 cm-1 bands. Actually, the band at 160 

cm-1 can be assigned to an I-I stretching “perturbed” by the presence of a close I- 

ion, as already reported for systems with I-I distances comparable to (b), while the 

I2∙∙∙I- stretching should be found at lower frequency because of its longer bond 

distance (3.098 Å vs 2.796 Å, Figure 4.6-5). The 85 cm-1 band can be attributed to 

this vibration. The bending is not observed, being likely hidden under this low 

frequency spectral feature. 

In order to compare the relative strength of interaction of iodide and triiodide 

anions with the tetrazine moiety of L2, we investigated the four complexes shown 

in Figure 4.6-12.  

Figure 4.6-12. DFT-optimized geometries of four tetrazine-anion complexes. Distances are in Å. 
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Complex I is characterized by a binding energy (Be) of 6.7 kJ/mol which results from 

the anion-π interaction established between iodide and tetrazine with a I-∙∙∙centroid 

distance of 3.884 Å. Regarding the triiodide anion, three high-symmetry 

orientations above the molecular plane of the tetrazine were conceived: one where 

I3
- is oriented normal to the plane (complex II), a second one (complex III) where I3

- 

is oriented parallel to the plane and aligned along the C−C axis, and a third one 

(complex IV) where the bond axis of I3
- bisects the N-N bonds of tetrazine. 

Interestingly, complex III possesses both the lowest total electronic energy and the 

highest value of Be (15.1 kJ/mol) among the triiodide complexes shown in Figure 

4.6-12. A rotation of the I3
- anion about the (central I)-centroid axis by 90.0 yields 

complex IV which, in spite of having the same I-centroid distance of 3.742 Å of 

complex III, is characterized by a slightly lower Be value (13.1 kJ/mol) with respect 

to the former. The most disfavored orientation is the vertical one corresponding to 

complex II which is characterized by a Be value (6.7 kJ/mol) that is same as that of 

the complex with iodide anion. 

As far as the possibility of a charge transfer process is concerned, the results of our 

natural population analysis indicate that almost no charge is transferred from the 

anion to the tetrazine. For instance, q(I-) = -0.99e in complex I, while similar net 

charges were calculated for the complexes with triiodide anion. Interestingly, 

however, the negative charge accumulates on the terminal iodine atoms of I3
-, while 

the charge of the central atom is close to zero. This result suggests that the terminal 

iodine atoms of I3
- are likely favored to interact electrostatically with the counter-

cations both in solution and in the crystals. Nevertheless, it is to be underlined that 

the contacts found in our models are longer than the sum of the van der Waals radii 

and always significantly longer than those found in the solid state. 

To unravel the nature of the intermolecular interactions that are operative within 

the I3
- complexes both in the solid-state and in water, we have performed a 

topological analysis of the computed electronic charge density of the trimeric 

(H2L22+)(I3
-)2 complex displayed in Figure 4.6-5b . The molecular graph obtained for 

the geometry corresponding to the crystal structure is shown in Figure 4.6-13a. Each 

I3
- anion interacts with the deprotonated ligand via five bond paths, four of which 

are concerned with C-H∙∙∙I interactions and the fifth one with an N∙∙∙I interaction. 

The latter is likely associated to an anion-π interaction rather than to halogen 

bonding interaction since it occurs in the direction normal to the tetrazine plane 

which is populated by π-electrons. The values of the electronic charge densities at 

the BCP(3,-1) indicates that the complex in the crystal is Ci symmetric. The binding 

energy associated to the interaction of two I3
- anions with the dicationic ligand 

corresponds to 65.2 kJ/mol. Hence, half of this energy (32.6 kJ/mol) corresponds to 

the interaction of one I3
- anion with the ligand. Upon replacement of both 
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morpholinic arms with hydrogen atoms, the binding energy associated to the 

interaction of one I3
- anion to the ligand becomes 10.2 kJ/mol, which approximately 

double the mean contribution from the four CH∙∙∙I contacts. This value is slightly 

lower than those calculated for complexes III and IV in Figure 4.6-12. Hence, this 

result indicates that the parallel orientation of the I3
- anion with respect to the 

tetrazine plane is still favored over the vertical orientation (complex II) even when 

the triiodide anion is translated away from its centroid. 

As above noted, we were not able to get information about I3
- complexes in aqueous 

solution because they are poorly soluble. To remedy this lack of information, details 

of the possible geometry of the complex in water were obtained by optimization at 

the IEF-PCM(H2O)-B97X-D/DGDZVP level of theory of the trimeric (H2L22+)(I3
-)2 

complex and of the same system solvated by two explicit water molecules. Both 

calculations were followed by QTAIM analysis of the electronic charge densities. The 

molecular graph of the DFT-optimized not solvated complex is shown in Figure 

4.6-13b.  

Each I3
- anion is now characterized by six bond paths connecting it to the 

diprotonated ligand. The new bond path topology results from the translation of the 

I3
- anions in opposite directions, toward the positive ligand charges, nearly oriented 

along the C-C axis of the tetrazine ring. In addition to four C-H∙∙∙I bond paths, each 

I3
- anion is now characterized by two I∙∙∙C bond paths connecting the central and one 

terminal iodine atoms of I3
- with the carbon atoms of the tetrazine ring. The 

increased number of bonding interactions in this model is in line with the 

enhancement of the computed binding energy, by ≈10 kcal/mol, from 15.58 

kcal/mol to 25.25 kcal/mol. However, it noteworthy that, in the solvated system 

(Figure 4.6-13c), the charge assisted NH∙∙∙I hydrogen bonds are lost and replaced by 

water bridged bonds, while the I∙∙∙π and CH∙∙∙I interactions still have a role in 

stabilizing the adduct. 
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Figure 4.6-13. Molecular graphs for (a) the H2L2(I3)2 complex in the molecular crystal and (b) the 
same complex after geometry optimization in a continuum water environment. The values of the 

charge density at selected BCP(3,-1) are reported (in a.u.) whereas RCPs and CCPs are not shown. (c) 
The same complex with two explicit water molecules. Distances are in Å. 
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The thiocyanate complex crystal structure somewhat bridges the gap between I3
- 

and the crystal structures of other anions such as ClO4
-, NO3

-, PF6
- (cf. 4.3.1), as 

interesting comparisons can be made among them. 

Figure 4.6-14, for instance, shows the SCN- ion superimposed to the side-on (a) and 

to the end-on (b) H2L2I3 species found in the crystal of H2L2(I3)2∙2H2O (3). As in the 

case of the SCN- anion, also the end-on I3
- is approximately aligned along the C-C 

interatomic axis of the tetrazine, while the side-on one is displaced toward the N-N 

side edge of the tetrazine ring. Notably, in the end-on H2L2I3
+ adduct, the main force 

taking triiodides in place is the anion-π interaction, while in the case of the side-on 

H2L2(SCN)+ an additional salt-bridge interaction, linking together the morpholine 

protonated nitrogen with the nitrogen atom of SCN-, contributes to strengthen the 

assembly. Most likely, the stronger propensity to form H-bonds of nitrogen induces 

the H2L22+ ligand to assume the chair conformation, which in the adduct with 

triiodide seems less favoured than the planar one. Nevertheless, such 

considerations do not take into account the effect of crystal packing forces, that 

could be important in determining the overall arrangement of these anion 

complexes. 

Figure 4.6-14. NCS- ion superimposed to the side-on (a) and the end-on (b) H2L2I3 species found in the 
crystal of H2L2(I3)2∙2H2O (2). Superimposition obtained overlapping the tetrazine rings. 
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Conversely, in H2L2X+ complexes with ClO4
-, NO3

- or PF6
-, H2L22+ assumes the chair 

conformation, in analogy with the SCN- complex. Figure 4.6-15 offers an overlaid 

vision of H2L2+ molecules from SCN- and PF6
- complexes.  The superimposition has 

been calculated for all the non-hydrogen atoms, except the tetrazine rings. It is 

evident that the pendant arms in the two structures are almost equal, but the 

similarity is even greater for ClO4
- and NO3

- compounds. Actually, the calculated 

Root Mean Square Deviation is 0.48 Å in the case of PF6
- and at most 0.2 and 0.1 Å 

for NO3
- and ClO4

-, respectively. The tetrazine rings are never coplanar, dihedral 

angles ranging from 11.2° for NO3
- to 21.4° for ClO4

-. For all these adducts as well as 

for the SCN- one, H-bonds involving the protonated morpholine nitrogen atoms and 

anion-π interactions are recognized. 

Figure 4.6-15. L2 from the SCN- complex (gray carbons) overlaid on ligand L2 from the PF6
- complex 

(cf. 4.3.1.3) (green carbons). Superposition calculated for all the non-hydrogen atoms, except the 
tetrazine rings. 
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To our knowledge, no crystal structures of SCN- complexes with tetrazine ligands 

have been reported so far, while only two papers containing crystallographic 

structures includes receptors expressly selected for involving anion-π interactions 

in the binding of SCN- [51] [52]. The most reliable comparison can be made with 

thiocyanate complexes with s-triazine, although, even in this case only three 

structures are available in the CSD [51] [53]. It is noteworthy, however, that the 

anion is invariably found pinched between different aromatic rings via concomitant 

end-on interactions of both N and S atoms. 

Further information on the SCN--L2 interaction was obtained by performing a series 

of DFT calculations on complexes of SCN- with the bare tetrazine ring, that is with L2 

deprived of the morpholine residues. The calculations performed in a simulated 

implicit water environment showed that in the most stable adduct the anion forms 

an end-on anion-π interaction with the electron-deficient ring via the N atom 

(Figure 4.6-16a) characterized by a Be of 10.04 kJ/mol. This complex, which also 

possesses the lowest energy, is characterized by a tetrazine centroid (X)∙∙∙N atom 

distance of 3.168 Å; the SCN- anion is almost parallel to the tetrazine ring as evinced 

by the XNC angle of 93.4 formed by the anion with the N-centroid line. When the 

SCN- anion is oriented normal to the tetrazine molecular plane (XNC = 180), the 

X∙∙∙N distance (2.962 Å) is slightly shorter than the above value but Be reduces to 

7.11 kJ/mol (Figure 4.6-16c). This result indicates that the complex shown in Figure 

4.6-16c lacks the extra-stabilization due to the π-π interaction that operates in the 

complex of Figure 4.6-16a.  

The same trend is observed for the interaction of thiocyanate via the terminal S 

atom (Figure 4.6-16b,d). Interestingly, the parallel complex (Figure 4.6-16b) has 

only a slightly smaller Be than the complex with the N-interacting anion (Figure 

4.6-16a), while the XS distances are always longer than 3.5 Å 

Finally, the natural population analysis indicates that there is practically no charge 

transfer from the anion to the tetrazine ring, being the natural charges of the three 

atoms of free thiocyanate anion almost the same as those of the anion in the 

complexes shown in Figure 4.6-16. The negative charge within the (free) SCN- anion, 

however, is localized mainly on the terminal atoms with q(N) = 0.597e and q(S) = 

0.460e. The larger magnitude of q(N) thus favours the end-on coordination of SCN- 

via the nitrogen atom which results in the formation of a stronger monopole-

quadrupole interaction with the tetrazine ring. 
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Figure 4.6-16. DFT-optimized geometries of four tetrazine-SCN- complexes. Distances are in Å. 

DFT and crystallographic results denote an important interplay of salt bridge, 

hydrogen bond and anion-π interactions in stabilizing the thiocyanate complex. 

Nevertheless, salt bridge interactions seem to have no effect when the complex is 

formed in aqueous solution. Equilibrium data determined for the formation of SCN- 

complexes with neutral L2 and its protonated (charged) forms (HL2+, H2L22+) in water 

furnished association free energies that are almost independent of ligand charge, 

being 9.5(5), 10.7(5) and 10.8(4) kJ/mol for the formation of [(L2)SCN]-, [(HL2)SCN] 

and [(H2L2)SCN]+, respectively (Table 4.6-3).  
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Table 4.6-3. Equilibrium constants and relevant -G° values for anion complex formation determined 

at 298.1  0.1 K in 0.1 M NMe4Cl aqueous solution. Values in parentheses are standard deviation on 
the last significant figure. 

Equilibrium log K -G° kJ/mol 

L2 + SCN- = [(L2)SCN]- 1.66(8) 9.5(5) 

HL2+ + SCN- = [(HL2)SCN] 1.87(8) 10.7(5) 

H2L22+ + SCN- = [(H2L2)SCN]+ 1.90(7) 10.8 (4) 

A similar behaviour, although not so marked, was previously observed for the 

binding of other anions by L2 and the analogous L1 molecule, and suggests that 

anion-π interactions afford a prominent contribution to the interplay of weak forces 

stabilizing these complexes in a solvent, such as water, which has a high dielectric 

constant and is very competitive in the formation of hydrogen bonds. SCN- ranks 

among the most hydrophobic anions of the Hofmeister series and, accordingly, its 

association with the aromatic ligand moiety, resembling a π-π stacking interaction, 

is not expected to be much hampered by the polar solvent. As a matter of fact, it 

was previously shown that lowering the dielectric constant of water by addition of 

ethanol results in a drop of stability of L2 complexes with several anions (cf. 4.3.2).  

4.6.3 Conclusions 

Protonated forms of the tetrazine-based ligand L2 are able to form I-, I3
-, mixed I-/I3

- 

and SCN- anion complexes in the solid state. X-ray structures of these complexes 

showed that the anions are invariably located over the positive electrostatic 

potential of the ligand’s tetrazine ring forming anion-π interactions. In the I- and 

SCN- complexes, further noncovalent forces contribute to hold the anions in place, 

while in the case of I3
- solid complexes, constituted by alternated segregated planes 

containing only protonated ligands and co-crystalized water molecules or only 

iodide and triiodide anions forming halogen-halogen contacts, forces other that 

anion-π interactions appear to make a modest contribution to the anion-ligand 

association. In the solid complexes, the triiodide anion displays both end-on and 

side-on interaction modes with the tetrazine moieties, the I3
- axis being aligned 

parallel to the ligand axis. DFT calculations substantiated that the side-on 

arrangement of I3
- over the tetrazine ring corresponds to the most stable interaction 

mode among those computationally explored. Furthermore, calculations evidenced 

that, even when the ligand is deprived of the two morpholinium residues and in the 

presence of a simulated implicit water environment, the tetrazine ring is still able to 

promote the association with I- and I3
-, the side-on orientation of I3

-, relative to the 

aromatic ring, remaining the most stable conformation. The infinite two-

dimensional networks established between I3
- and I3

-/I- anions through I∙∙∙I short 
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contacts makes theses crystalline structures good candidates to behave as solid 

conductors.  

Both in terms of observed arrangement in the solid state and DFT optimized 

geometries, thiocyanate gives somewhat different results, as although the 

geometry is linear as well, the electronic situation is not quite the same compared 

to triiodide. Tetrazine alone is still found to promote the association with the anion 

in PCM water, but this time the most stable orientation resembles a π-π interaction 

within host and guest, with the N terminus of the anion centred on the ring in an 

end-on fashion. This same arrangement, also thanks to the establishment of a 

strong straight salt bridge between the negatively charged N tip of the anion and 

the protonated nitrogen atom of the morpholinic pendant, is indeed found in the 

crystal structure of the thiocyanate complex. Solution studies, although possible 

only for I- (cf. 4.5.2) and SCN- due to the poor solubility of triiodide complexes, 

showed once more that the stability of the resulting complexes is poorly correlated 

with ligand charge, further suggesting that anion-π interactions give a prominent 

contribution to the stability of these complexes in water. In the case of I3
-, the 

formation of solution complexes was simulated by means of computational 

methods, showing that the anion lays at short distance over the tetrazine ring and 

shifted toward a protonated morpholine nitrogen to form, this time, a salt bridge 

interaction. Addition of explicit water molecules, however, leads to their insertion 

in the salt bridges, which become solvent mediated, while the anion-π interaction 

remains untouched, indicating its prominent role in the formation of triiodide 

complexes. 
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4.7 CONCLUSIONS AND FUTURE PERSPECTIVES 
A new family of ligands containing the tetrazine aromatic nucleus were prepared 

and an extensive study of their anion binding properties was undertaken. 

Much of the above discussion was devoted to investigating and explaining the 

subtleties, addressing ion specific behaviours, justifying effects due to the modest 

differences among the ligands: this is indeed the peculiar habit of chemists, which 

dealing with so tiny objects are well-aware that devil is in the detail. 

Nevertheless, a big picture emerges on top of that which deserves as much 

consideration, finding a home only in these final lines. 

The long-lasting perception of anion-π interaction as, at best, a valid auxiliary force 

to keep together or orient host-guest assemblies, appears incredibly dated and out 

of place after seeing 17 out of 17 crystal structures invariably exhibiting strong 

anion-π interactions, at times even disregarding its majesty hydrogen bond, prince 

of all supramolecular interactions, even its charge reinforced variant. 

The objection that the effective usage of stacking forces, to which anion-π 

interaction can be related, is already reported for crystal design and engineering, 

subtending a magnified importance of these kind of interactions in the solid-state 

due to packing forces and overall desolvation conditions which may alter their 

comparison with hydrogen bonding, is irrelevant here. In the case of our ligands 

even solution studies demonstrated poor correlation between ligands’ charge and 

the observed stability of the complexes, again pointing out that forces other than 

salt bridges contribute to the association phenomena, anion-π interaction being the 

prime. 

In this regard, the inclusion of the tetrazine moiety had surely played a role: a 

heterocycle with great positive Qzz quadrupole moment so marginally explored in 

the literature for anion-π interactions, both in general and in aqueous solution in 

particular, was indeed hiding a great potential. 

Solvent effects were no less prominent, studied complexation events being 

invariably entropically driven according to important desolvation effects. Even the 

notion that polar solvents should hinder the association of oppositely charged 

species was challenged by the results of L2 complexation studies in water:ethanol 

mixed solvent: whether we want to ascribe the decreasing of the association 

constants to an essentially non electrostatic control of the process or to selective 

solvation phenomena, the gathered evidences challenge the common beliefs. 
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No selectivity was sought for in designing the L1-L4 ligands, truly aiming for simple 

model systems, this is probably what allowed the detection of preferences 

determined by the host properties, or so-called ion-specific effects, even in the case 

of halide anions. As a matter of fact, specificity was not looked for in the design 

stage, but irremediably found: as such the possibility, already fostered and 

invariably strongly rejected, that anion-π interactions may be discriminating tools 

providing selectivity for the target anionic species in specifically designed hosts, 

appears once more tangible. 

Basic research, however, is not limited to challenging common beliefs or giving 

scholars matters of discussion, it is really all about making something new, all the 

better if it can be put to use in a practical manner. Polyiodide crystals foreshadow a 

possibility of re-reading part of the work for real-world applications, herein included 

most of the other crystal structures with both different ligands and different anions, 

which are not far away from a sample case that could be used in further crystal 

engineering. 

We end the way we started by re-reading the inspiring work of J. M. Lehn, which a 

few decades ago accidentally provided the material for our little circular ending, in 

the framework of the present thesis work: 

“Although anionic species play a very important role in chemistry and in biology their 

binding features went unrecognized, whereas the complexation of metal ions and, 

more recently, of cationic molecules was extensively studied. The coordination 

chemistry of anions may be expected to yield a great variety of novel structures and 

properties of both chemical and biological significance. To this end, anion receptor 

molecules and binding subunits for anionic functional groups have to be devised. 

Research has been increasingly active along these lines in recent years and anion 

coordination chemistry is progressively building up as a new area in coordination 

chemistry.” [4] 
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6 APPENDIX 

In the following, full-texts of published papers within the framework of this thesis 

are provided. 

The listing is in order of appearance of their quotations in the text, however a table 

of contents providing the title of each piece of research and the relative page 

number is provided below for the Reader’s convenience. 

 

A Polyfunctional Tetraaza-Macrocyclic Ligands: Zn(II), Cu(II) Binding 
and Formation of Hybrid Materials with Multiwalled Carbon 
Nanotubes. 

p. 202 

B Binding and Removal of Octahedral, Tetrahedral, Square Planar and 
Linear Anions in Water by Means of Activated Carbon Functionalized 
with a Pyrimidine-Based Receptor. 

p. 212 

C Inorganic Mercury Sequestration by A Poly(Ethylene Imine) 
Dendrimer in Aqueous Solution. 

p. 221 

D ATP Dephosphorylation Can Be either Enhanced or Inhibited by pH-
Controlled Interaction with a Dendrimer Molecule. 

p. 229 

E Cation, Anion and Ion-Pair Complexes with A G-3 Poly(Ethylene 
Imine) Dendrimer in Aqueous Solution. 
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F Construction of Green Nanostructured Heterogeneous Catalysts via 
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with Pd(II) Complexes of Azamacrocycles. 

p. 245 

G Anion Complexes with Tetrazine-Based Ligands: Formation of Strong 
Anion−π Interactions in Solution and in the Solid State. 
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H Iodide and Triiodide Anion Complexes Involving Anion–π Interactions 
with a Tetrazine-Based Receptor. 
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Interactions in Thiocyanate Binding. 
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