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I. GENERAL INTRODUCTION AND OBJECTIVES 
   

 
Extract from the movie Frankenweenie, directed by Tim Burton 

 
I.1. Supramolecular Chemistry. Historical review and definitions  

 The general principles of supramolecular chemistry (SC) were yet enunciated 

many years ago, for instance in one of the biggest works of Linus Pauling: The 

Nature of the Chemical Bond.1,2 Almost 80 years later a new chapter in the SC was 

introduced by Bruns and Stoddart (Nobel Prize for his molecular machines) with the 

publication of the book The Nature of the Mechanical Bond.3 The supramolecule 

concept was already introduced in 1937 by Wolf et al.4 in order to describe the 

interactions in some chemical species like the carboxylic acid dimer. However, it 

was only in 1987 when the basis of the concept, just as we know it, were set by the 

chemists Donald J. Cram, Charles J. Pedersen and Jean-Marie Lehn who were 

awarded a Nobel Prizei "for their development and use of molecules with structure-

specific interactions of high selectivity". Consequently, as from that important event, 

a new and a solid branch of chemistry was opened, and yet it is still growing and 

surprising chemists. Nevertheless, the SC is a multidisciplinary field that uses other 

ones, like organic and inorganic chemistry, physical chemistry and molecular 

modeling,5 which, at present, allows the comprehension of the complex behavior of 

supramolecules.   

                                                             
i "The Nobel Prize in Chemistry 1987". Nobelprize.org. Nobel Media AB 2014. Web. 14 Feb 2017. 
http://www.nobelprize.org/nobel_prizes/chemistry/laureates/1987/  

- Mr. Rzykruski: Back home, everyone is scientist. Even my plumber wins Nobel 
Prize. Your country does not make enough scientist. Always needs more. You should 
be a scientist, Victor.  

- Victor Frankenstien: Nobody likes scientists.  
- Mr. Rzykruski: They like what science gives them, but not the questions, no. Not the 

questions that science asks. 
- Victor Frankenstien:  Actually, I have a question.  
- Mr. Rzykruski: That is why you are a scientist.  
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 The SC was described by J. –M. Lehn as “the chemistry beyond the molecule”,6 

or, the chemistry of the non-covalent bond. This field studies the complex entities 

called supramolecules, which are the result of the association of two or more 

molecules via intermolecular forces. 

 A very good analogy of SC is the very famous Mecanno® game, as shown in 

Figure I.1a. This construction system consists in a set of small pieces with different 

forms and sizes, and then by their combination with other junction pieces several 

models can be constructed, starting from vehicles to robots. In this sense, the SC is 

just like a Meccano, since there is a vast diversity of building blocks (molecules) 

that can be interconnected by a diverse “set” of non-covalent interactions (e.g., 

hydrogen bonds, halogen bonds, p-p stacking, etc.), with the final aim of 

constructing models with a defined structure (see Figure I.1b). 

  

 
Figure I.1. (a) Meccano Brand construction system: small pieces are assembled to obtain a 

more complex structure. (b) Example of a supramolecular self-assembly: molecular fragments 

self-assembly in a cage-like structure.  

 

 Ongoing the same way, the concept of non-covalent synthesis emerges. A side 

and an essential field for SC, in which the physicochemical study of molecular 

interactions acquires a great meaning. Thus, the SC has become a very powerful and 

highly effective tool to create very complex structures spontaneously.7–9 In recent 

years, a growing interest in molecular devices has motivated the research of intra 
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and intermolecular forces that control and drive the creation of nanostructures in 

one, two and three dimensions by the self-assembly of small molecular building 

blocks.9–11 So that, in 2016 the Royal Swedish Academy of Sciences awarded the 

Nobel Prize in Chemistry to Jean-Pierre Sauvage, Sir J. Fraser Stoddart and Bernard 

L. Feringa "for the design and synthesis of molecular machines".ii 

 Finally, the SC can be divided into two main categories: host-guest and self-

assembly. Since this thesis is focused on the latter, a special attention will be given 

to it. 

 

I.1.1. Host-guest supramolecular chemistry 

 If a molecular species is big enough and contains a cavity to hold another smaller 

molecule, the first one is called host and the second one guest. In his Nobel 

Lecture,12 Donald Cram has defined these molecules as: 

 

“The host component is defined as an organic molecule or ion whose 

binding sites converge in the complex… the guest component is defined 

as any molecule or ion whose binding sites diverge in the complex…” 

  

 The binding site is a region within a molecule that must have the correct size 

and geometry and a specific chemical nature, so the molecules can interact with 

each other. Classic examples of these complexes are the substrate-enzyme 

biological systems, in which the host (enzyme) has a binding pocket with a specific 

chemical activity to welcome the guest (e.g. a special drug), as shown in Figure 

I.2a. Other illustrations are coordination complexes like those with 

ethylenediaminetetraacetic acid (EDTA) or the famous crown ethers, which were 

synthesized by the previously mentioned Nobel Laureate Charles Pedersen (see 

                                                             
ii "The Nobel Prize in Chemistry 2016". Nobelprize.org. Nobel Media AB 2014. Web. 15 Feb 
2017. <http://www.nobelprize.org/nobel_prizes/chemistry/laureates/2016/> 
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Figures I.2b,c). In these last cases, the EDTA or the crown ether have specific 

groups that converged to the guest. 

 

 
Figure I.2. (a) Substrate-enzyme biological system.iii (b) EDTA-Metal complex. (c) Crown 

ether/K+ complex 

 

 Despite this division in categories (host-guest and self-assembly), there are 

several examples that limit between both sub-areas. One of the most representative 

cases are the inclusion compounds in the solid state, in which atoms, ions or guest 

molecules are trapped inside the cavities that other molecules create as a 

consequence of the crystal packing. Such compounds are called clathrates. One of 

the most well-known examples is the xenon/hydroquinone clathrates, as shown in 

Figure I.3.  

                              
Figure I.3. Unit cell of b-hydroquinone/Xe clathrate. Taken from ref.: Acta Cryst. 1989, C45, 

944-946 
                                                             
iii Taken from www.pdb.org DOI: 10.2210/rcsb_pdb/mom_2018_9 
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I.1.2. Self-assembling supramolecular chemistry  

 Self-assembly can be defined as the spontaneous and reversible association of 

molecular species to form bigger and more complex supramolecular entities 

according to the intrinsic information that is contained in the constituent 

molecules.13–15 It should be pointed out that there is a big difference between the 

concepts molecular and supramolecular self-assembly. The former refers to the 

formation of covalent bonds in a conventional synthesis, while the latter denotes the 

molecular association by non-covalent forces, which is mediated by molecular 

recognition. 

 In an article of the New Journal of Chemistry,7 Lindsey has exposed an ultimate 

classification of different types of self-assembly as follow: 

1. Strict self-assembly: the final product, which is thermodynamically 

reversible, is formed completely spontaneously when the components are 

mixed under specified conditions. 

2. Irreversible self-assembly: it involves the formation of a stable product by 

the formation of covalent bonds under kinetic control. 

3. Precursor modification followed by self-assembly: it involves molecules 

that that cannot self-assemble unless they are modified chemically or 

activated by some other changes. 

4. Self-assembly with post-modification: in this process, the self-assembled 

product is then covalently modified and finally it becomes irreversible. 

5. Assisted self-assembly: in this case, external factors are employed, which 

are not part of the final ensemble, and they are involved in mediating the 

assembly process alike a catalyst. 

6. Directed self-assembly: this class involves a template that can be part of the 

final product or not. 

7. Self-assembly with intermittent processing: this class incorporates 

processes of the aforementioned classes. 
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 Whitesides, one of the pioneers in the field of supramolecular chemistry, has 

deeply studied complexes of cyanuric acid (1,3,5-triazine-2,4,6-trione) and 

melamine (2,4,6-triamine-1,3,5-triazine)16–18 by employing preorganization and 

steric hindrance techniques. These methods are also called non-covalent synthesis.19 

In Figure I.1a it can be seen a supramolecular complex made of melamine and 

cyanuric acid, which were covalently modified, in order to direct the assembly of a 

particular structure, in this case, a complex with a cage-like arrangement that can 

also host small molecules inside.20  

 Finally, it is common within self-assembling systems for there to be more than 

one type of interaction present. Therefore, self-assembly processes can be classified 

as Single-interaction self-assembly and multiple-interaction self-assembly. The 

former refers to systems in which only one specific interaction is present (e.g. 

N-H×××N hydrogen bonds, or N×××Cu coordination interactions). The letter refers to 

processes in which more than one interaction of any kind is present (e.g. N×××Cu and 

N×××Pd interactions, or N-H×××N and N-H×××O hydrogen bonds). Multiple-interaction 

assemblies can be sub-divided into unimediated and multimediated assemblies, 

depending on whether there is more than one category of interaction present (e.g. 

N×××Cu interactions and N-H×××N hydrogen bonds). 

 It is noteworthy that nature has already overcome chemists. A vast number of 

examples in biology amazes and inspires researchers to construct new and more 

efficient molecular systems. The most well-known case is the double helix of DNA, 

which is formed by two independent polymeric chains that are hydrogen-bonded. 

However, the concept of self-assembly itself was conceived from the study of 

tobacco mosaic virus, the "holy grail" of supramolecular chemistry. This virus is 

made of an RNA chain encapsulated in a protein shell, which is built from 2130 

identical monomers, as shown in Figure I.4. 
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Figura I.5. Self-assembly scheme of tobacco mosaic virus. Taken from J. S. Lindsey. New. J. 

Chem. 1991, 15, 153-180. 

 

 Research has shown that the virus can be dissociated into its constituent parts 

and then re-assembled to rebuild the intact virus, under specific conditions as a 

chemical reaction. 

 

I.1.2.1 Thermodynamic of the self-assembly 

 Self-assembly processes are reversible and dynamic by nature. This allows them 

to correct all the “errors” during the successive assemble steps in order to gradually 

reach thermodynamically most stable product. When a large number of molecules 

bind non-covalently, there is more than one possibility of binding. Nevertheless, it is 

a fact that only one product will prevail according to thermodynamics. Any self-

assembled system can be understood as a dynamic combinatorial library: many 

products are able to be formed and broke up continuously, and this process tends to 

the most stable thermodynamic product.  

 

Enthalpic and entropic considerations 

 Figure I.5 shows six molecules that can assembled via hydrogen bonds into two 

main structures: a cyclic and an open structure.  
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Figure I.5. Possible aggregation states in a self-assembly process. 

 

 Lawrence et al.21 has claimed that the preferential self-assembling of discrete 

architectures over open oligomers is related to the widely known phenomenon of 

enthalpic-entropic compensation. When each interaction is formed, the enthalpic 

benefit is balanced by the entropic cost. This implies losing degrees of freedom, 

which leads to a greater loss of entropy. 

 In an effort of elucidating the thermodynamic parameters that determine the 

relative stabilities of cyclic and linear aggregates of melamine-cyanuric acid 

complexes, Reinhoudt et al.22 have developed a novel thermodynamic model that 

considers the possible stereoisomers and their equilibrium constants, and including 

steric hindrance. Their study shows that the thermodynamics of the assembly is 

controlled by two variables: the association constant of the dimer and the 

association constant of the cyclic rosette via the linear isomer.  

 

I.1.2.2 Technological applications 

 In nature, several biological and chemical processes occur every second within 

the nanoscale. The main idea of this area is that, in principle, we could construct 

complex molecular systems with a minimal effort, in the same way nature constructs 

proteins, copies DNA or transports endorphins. This implies less use of chemicals 
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and more efficient chemistry, but there are still many challenges, which researchers 

are struggling with. 

 Supramolecular self-assembly and non-covalent synthesis are still at a very early 

stage. In general, scientists are creating fascinating supramolecules and showing to 

the scientific community, what they can do. However, several advances and 

applications are growing every year. For example, the self-assembly of small 

molecular units unto surfaces, like gold or graphite, can originate self-assembled 

monolayers (SAMs). This could be used to produce different nano-coatings over 

surfaces with different functions, and these new surfaces could have the ability to 

capture atoms,23,24 small molecular fragments,25 or even cells.26 In addition, one 

could modified covalently the original building blocks in order to add new 

functional groups with different physical, chemical, electrochemical, and 

biochemical properties. This process in conjunction with chemical etching 

techniques could be useful to produce nanoelectronics devices and sensors.26 

 Concerning nanotechnology, bottom-up techniques will replace the top-down 

ones in the near future. Researchers can now fabricate many nano-molecular 

structures with self-assembling techniques, i.e.: nanowires, nanorings, and 

complexes with several forms (square, rectangular, pyramidal, etc.).24 

 Finally, in the area of material science, hydrogels have emerged from self-

assembly chemistry. These materials have a semi-solid elastic state with a very 

complex network. Their gel-like properties are gaining considerable attention for 

their future applications.27–29 

 

I.1.3. Key interactions in supramolecular chemistry  

 Molecular interactions are the backbone of the non-covalent synthesis. As long 

as they are completely understood and described, a rational design of materials with 

specific functionalities will be achieved. That is, probably, one of the reasons why 

the hydrogen bond is still under study.  
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 Non-covalent bonds have an energy that ranges from around 2 kJ.mol-1, for 

dispersive interactions, to 300 kJ.mol-1, for ion-ion type interactions. This range in 

energy can be used, in principle, to fine-tune the stability of a particular complex 

structure over another one. In addition, the use of different interactions with 

different strengths can also be understood as an intrinsic information of the 

molecules with a set of instructions to be read by the self-assembly process.  

 In this vast sea of interactions, it is not very straightforward to summarize a 

whole pallet with all the non-covalent bonds with their ranges in strength. Some 

excellent text books on supramolecular chemistry3,5,14 have done this work, but they 

differ in the strength energies. Therefore, for a more in-depth discussion, the reader 

is thus referred to them. Nevertheless, a good approximation is the summary given 

in Table I.1. 

 Since this thesis is focused on the study of hydrogen-bonded supramolecules, 

this interaction will be described with more detail. 

 

Definition 

 The IUPAC Gold Book has two definitions about hydrogen bonds:iv 

 

 “A form of association between an electronegative atom and a hydrogen 

atom attached to a second, relatively electronegative atom. It is best 

considered as an electrostatic interaction, heightened by the small size of 

hydrogen, which permits proximity of the interacting dipoles or charges. 

Both electronegative atoms are usually (but not necessarily) from the first 

row of the Periodic Table, i.e. N, O or F. Hydrogen bonds may be inter-

molecular or intra-molecular. With a few exceptions, usually involving 

fluorine, the associated energies are less than 20 – 25 kJ mol-1 (5 – 6 kcal 

mol-1).” 

 

                                                             
iv http://goldbook.iupac.org 
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Table I.1. Different types of bonds and typical ranges of energiesa 

Bond type 
Energy Range 

(kcal mol-1) 

Weak Dispersion Forces ≤ 1 

 Dipole–Dipole Interactions 0.5 – 2 

 Hydrogen Bonds 1 – 10 

 Halogen Bonds 1 – 40 

 Ion-Pairing 2 – 50 

Strong Coordinate/Dative Bonds (M–X) 10 – 100 

 Organic Covalent Bonds (C–X) 60 – 100 

 Ionic Lattice 250 – 4000 
a taken from ref. 3 

 

Hydrogen bond in theoretical organic chemistry: 

“A particular type of multicenter (three center - four electron) X–H×××Y in 

which the central hydrogen atom covalently linked to an electronegative 

atom X (C, N, O, S…) forms an additional weaker bond with atom Y 

(N, O, S..) in the direction of its lone electron pair orbital. The energy of 

hydrogen bonds, which is usually in the range of 12 – 65 kJ mol-1 (3 – 15 

kcal mol-1), results from the electrostatic interaction and also from the 

orbital interaction of the antibonding σ*(XH) MO of the molecule acting as 

the hydrogen donor and the non-bonding lone electron pair MOnY of the 

hydrogen acceptor molecule.” 

 

 The second definition is more open and extended than the first one, since it also 

considers the covalent component resulting from the charge transfer. However, a 

new definition of hydrogen bonds has been recommended in the scientific journal of 

IUPAC:30 
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“The hydrogen bond is an attractive interaction between a hydrogen atom 

from a molecule or a molecular fragment X–H in which X is more 

electronegative than H, and an atom or a group of atoms in the same or a 

different molecule, in which there is evidence of bond formation.” 

 

 In this article, the authors set a list of criteria and some characteristics of the 

interactions. They define hydrogen bonds as a result of electrostatic, charge transfer 

and dispersion components. But, it should be pointed out that the Pauli repulsion, 

which is responsible for any steric hindrance, could also be a decisive factor for 

relative hydrogen-bonding strengths and lengths.31 In general, it is accepted in the 

literature that the nature of hydrogen bonds can be described, in principle, by the 

interplay of five contributions:  

1. Electrostatic or coulomb energy  

2. Exchange repulsion 

3. Polarization energy 

4. Charge-transfer energy or attractive orbital interactions  

5. Dispersion forces. 

It is worth stressing that there exist different approaches in which to decompose 

the interaction energy, and yet there is no solid consensus about it. For instance, 

some decomposition schemes compute the polarization and charge transfer 

contributions, but, as Timothy Clark has pointed out, they are part of the same 

phenomenon and separating them does not lead to a more predictive model.32 

Moreover, Wolters and Bickelhaupt33 have indicated that one can get insight into 

these contributions by a detailed orbital analysis. Elangannan Arunan has also 

claimed that besides those energy components “all that can be experimentally 

measured is the interaction energy” (or more precisely, the binding energy34), and 

“all the methods for decomposing them are models, and we should not forget that.”v 

                                                             
v https://www.chemistryworld.com/news/do-hydrogen-bonds-have-covalent-
character/2500428.article 
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Finally, chemistry uses models to explain nature, and as long as they have 

predictive power, there is nothing wrong with them. That is the way science works, 

and models will continue to be improved in order to understand observable nature 

better every time. 

 

Hydrogen bond geometry 

 The hydrogen bond is usually depicted as X-H×××Y-Z, where X-H is the H-bond 

donor (also called Lewis acid, electron acceptor) and Y-Z is the H-bond acceptor 

(Lewis base, electron donor). The hydrogen bond can also be represented as 

D-H×××A (D for H-bond donor and A for H-bond acceptor). The geometry may also 

be described in terms of the distances d, D and r, and angles q and f, as shown in 

Figure I.7a. If q = 180° the hydrogen bond is perfectly linear. There are also 

situations in which a donor can interact with more than one acceptor and vice versa 

(see Figures I.7c-f). All of these geometries are of particularly importance in self-

assembly and they will be discussed in subsequent chapters. 

 

 
Figure I.7. Different geometries of hydrogen bonds: (a) bent, with geometrical parameters (b) 

linear, (c) donating bifurcated, (d) accepting bifurcated, (e) trifurcated, (f) three center 

bifurcated. 

 

Hydrogen bond strength 

 George Jeffrey has classified them into three general categories: strong, medium 

and weak, according to the energy of the interaction.35 General properties of the 
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three classes of hydrogen bond are given in Table I.2. The strength of a hydrogen 

bond should be expressed more exactly by their enthalpies as: strong (14–40 kcal 

mol-1), moderate (5–15 kcal mol-1), or weak (0–5 kcal mol-1). 

 

Table I.2. Properties of D-H×××A hydrogen bondsa 

 Strong Moderate Weak 

Bond energy (kcal mol-1) 15 – 40  4 – 15  < 4 

Bond lengths (Å)    

H×××D 1.2 – 1.5 1.5 – 2.2 2.2 – 3.2 

A×××D 2.2 – 2.5 2.5 – 3.2 3.2 – 4.0 

Bond angles (°) 175 – 180  130 – 180  90 – 150  

IR ns relative shifts 25% 10 – 25% < 10% 
1H NMR chemical shift 

downfield (ppm) 
14 – 22  < 14 - 

Examples 
HF complexes 

Super acids  

Acids 

Alcohols 

C-H×××A and 

O-H×××p 

hydrogen bonds 
a adapted from references 13,15 

 

Hydrogen bond arrays 

 When a direct interaction between the donor group and the acceptor group 

occurs, the geometry is usually named as primary hydrogen bond interaction. 

Besides, when multipoint hydrogen bonds occurs, in a contiguous array, secondary 

electrostatic interactions between neighboring groups could have a significant effect 

on the stability of a supramolecular complex.36 Thus, hydrogen bond arrays could be 

double (DD-AA or DA-AD), triple (e.g. DDD-AAA, DDA-AAD, ADA-DAD), 

quadruple (e.g. DDAA-AADD, DADA-ADAD, etc.), and so on. In these cases, the 

partial charges on adjacent atoms could be destabilizing, due to repulsion between 
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similar charges, or stabilizing by virtue of attraction between opposite charges (see 

Figure I.8). 

 

 
Figure I.8. Secondary interactions in DDD-AAA and DAD-ADA arrays.  

 

 These secondary effects could be used, in principle, in empirical methods for 

predicting complex stabilities and trends in association constants.37,38 In addition, 

computational chemistry can assist experiments by the calculation of free energies 

of complexations.39 

 

Hydrogen-bonded synthons 

 In crystal engineering, supramolecular synthons are usually defined as spatial 

arrangements of non-covalent bonds between molecules (the building block of 

organic crystals, also called tectons), in order to form different interaction patterns 

within a solid state structure.14,15,40 Gautam Desiraju introduced the term in 1995 

as:41 

 

“Structural units within supermolecules which can be formed and/or 

assembled by known or conceivable synthetic operations involving 

intermolecular interactions.” 

 

 Supramolecular synthons are the main tool in crystal engineering to predict and 

design synthetic methods of novel crystalline structures, and by manipulating 

functional groups of molecules. 
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 Many authors have claimed that hydrogen bonds are the master key of 

supramolecular chemistry. There are a vast number of hydrogen-bonded synthons in 

crystal, and it would be impossible to cover all of them in this chapter. However, the 

most common arrangements are rings and linear patterns. Figure I.9 shows all the 

synthons that were studied in this thesis. 

 

 
Figure I.9. Synthons that are discussed in this thesis. X = Cl, Br. 

 

Cooperativity in hydrogen bonds 

 To some extent, hydrogen bonds are like fire ants, since they show group 

behavior.42 A single ant is weak, hard to see and easy to kill. However, when they 

act as a group, they do it in a cooperative way and they can be strong enough to kill 

small animals, or to form islands over water and make ant bridges. H-Bonds work in 

the same manner; they can show the phenomenon of cooperativity. In a very simple 

way, this means that in a molecular cluster the whole is greater than the sum of the 

parts, or even simpler “1+1 is greater than 2”. This effect has a tremendous 

importance to explain many macroscopic properties in water, materials or proteins. 

 The synergy effect in molecules has been extensively studied for many authors. 

It has been shown that the general trend in cooperativity is: 

§ shorter D×××A distance, 

§ longer D-H distance,  

§ larger chemical shift, 
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§ large red-shifts of the D-H vibrational frequency. 

 

 The many-body interaction is a major source of the cooperativity in molecular 

clusters of small molecules. However, the origin of the cooperativity has been 

recently established to be originated in the s electron system, due to donor-acceptor 

interactions. The charge transfer from molecule to molecule causes a charge 

separation, which is the origin of the synergy. In Chapter V, the source of 

cooperativity in cyanuric acid clusters is also elucidated. 

 

I.2. Aim of the thesis: 

 Understanding the nature of non-covalent interactions in self-assembling systems 

is extremely important for two main reasons:  

1. To link the molecular properties of a system to their potential macroscopic 

properties, so that one can have a true scientific understanding of matter; 

and,  

2. once we know the interplay between interactions we could design 

supramolecular materials in a more rational way and also, we could then 

tune the properties at our will. 

 The general aim of this thesis is to gain insight into the self-assembly 

phenomenon by the static characterization of the non-covalent forces between small 

molecular entities. 

 The particular objectives are summarized as follows: 

§ To describe the structural, energetic and electronic properties of small 

supramolecules. 

§ To describe the characteristics of the hydrogen bonds and other interactions 

that are involved in the self-assembly of small building blocks. 

§ To gain information about the structure and energy that allows us to decide 

which system will perform better as a self-assembling molecule. 
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§ To gain information about the most important factors that drive the 

mechanism of the self-assembling phenomenon. 
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