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Section 1: An Introduction to Supramolecular and Host-Guest 

Chemistry 

Supramolecular chemistry is a notoriously difficult discipline to define because it spans such 

a broad area of chemistry. Elements of organic, inorganic and physical chemistry – the three 

fundamental chemistry disciplines – are all deeply involved in the many facets that make up 

supramolecular chemistry. Some, such as Atwood, choose to define it as ‘The chemistry of 

the non-covalent bond’. This is because this idea of non-covalent attractions is fundamental 

to supramolecular chemistry because they are the key building blocks by which 

supramolecular assemblies can be synthesised. Others, such as Lehn, prefer the definition 

‘The chemistry of molecular assemblies and the intermolecular bond’ because 

supramolecular chemistry aims to utilise these intermolecular forces of attraction to create a 

larger, functioning molecular assembly.  

However, in relation to the supramolecular assemblies that will be discussed throughout my 

investigation, the definition that I think is most applicable incorporates elements of both of 

the above definitions: ‘The field of chemistry that deals with the non-covalent interactions 

between molecules and how these can be utilised to yield functional assemblies with specific 

physical and chemical properties’. 

To properly understand supramolecular chemistry, and the ideas that it presents, it is critical 

that we understand the history behind it, and the motivations that led to its development.  

The first stage in the development of supramolecular chemistry was the creation of the idea 

of non-covalent interactions. The first non-covalent interactions to be proposed were 

intermolecular forces of attraction. These were first presented in the French mathematician 

and geophysicist Alexis Clairaut’s 1736 treatise ‘Theorie de la Figure de la Terre’ (Theory of 

the Shape of the Earth). Whilst it may seem surprising that intermolecular forces would be 

presented in a book on three dimensional elliptical geometry, in this seminal work, Clairaut 

fleetingly proposes the idea that there are tiny attractive forces between small particles that 

affect their motion. Almost by accident, one of the most fundamental ideas of modern 

chemistry had been born.  

Clairaut’s ground-breaking idea had been largely forgotten for almost a century until the 

introduction of atomic theory by John Dalton in the early 19th century. As soon as scientists 

began to postulate the existence of atoms, many also proposed that there could be 

interactions between atoms of separate molecules. In fact, the thermodynamic implications 

of such intermolecular attractions were studied in depth by such high profile scientists as 

Laplace, Maxwell and Boltzmann.  

However, a viable mechanism as to how these attractive forces might come about was still 

lacking until 1873. It was then that the Dutch physicist Johannes Diderik Van Der Waals 

proposed that the distortion of electrons around atoms caused by a molecule’s structure 

would create temporary irregularities in the electric field around molecules (instantaneous 

dipoles). Such instantaneous diploes would be able to induce complementary irregularities in 

separate molecules and thereby cause a small electrostatic attraction between the two 
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molecules. Now that a mechanism had been proposed, scientists from across the world 

rushed to try and detect these so called Van Der Waals forces, and over the following 40 years 

a plethora of different intermolecular forces of attraction were discovered, the strongest of 

which by far was the hydrogen bond discovered in 1912 by Moore and Winmill.  

The 1940s and 50s produced another leap in the journey towards supramolecular chemistry. 

Chemists began to postulate whether it would be possible to use non-covalent interactions 

like intermolecular forces to manipulate molecular assemblies to create a specific molecular 

architecture. This seemed unattainable for many years until 1961, when Pedersen 

synthesised the first crown ether (dibenzo-18-crown-6) and showed that it was able to 

encapsulate a potassium cation purely using ion-dipole forces - a type of non-covalent 

interaction (Figure 1).  

 

Figure 1 A diagram of K+ encapsulation by dibenzo-18-crown-6 (Inouye, 2000) 

This incredible discovery showed proof of the new possibilities that utilising non-covalent 

interactions allowed, and thus a new field of chemistry had been born.  

Ever since then, the supramolecular structures that have been synthesised have become ever 

more complex, from cavitands and cages to molecular baskets and tennis balls. In fact, in 1987 

the Nobel Prize in Chemistry was awarded to Pedersen, Cram and Lenh for their discovery of 

the application of non-covalent interactions to make complex molecular assemblies. This 

shows the vast importance of supramolecular chemistry as a modern chemistry discipline.  

As supramolecular chemistry developed further, this idea of a supramolecular chemist’s 

toolbox began to form. There are four main forms of non-covalent interaction that constitute 

the ‘tools’ that supramolecular chemists can use to create a functional assembly. 

1. Electrostatic attractions 

This encompasses three different types of interaction: ion-ion, ion-dipole and dipole-dipole. 

All three of these rely on the same fundamental principle that opposite charges experience 

an attractive force. The charges can be either in the form of fully charged ions, or as dipoles, 

which are partial charges formed due to uneven electron distribution in a polar covalent bond. 

This unevenness in polar covalent bonds is caused by differences in electronegativity of the 

two bonding atoms, which leads to a larger coefficient of the bonding molecular orbital lying 

on the more electronegative atom and a larger coefficient of the empty antibonding orbital 

lying on the more electropositive atom.  

Ion-ion interactions are non-directional, since the charge is equally distributed around the 

charge-carrying species. Ion-dipole or dipole-dipole interactions, however, are directional - 

since the dipole is on a specific end of the molecule, a particular arrangement must be 

obtained to maximise the attraction of the interaction (Figure 2). 
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Figure 2 Dipole-dipole interaction between HCl molecules adopting a specific linear arrangement (Lumen, 2020) 

Electrostatic interactions are, in general, relatively high in energy, since the large charges 
involved result in a larger electrostatic force between the molecules compared with most of 
the other interactions’. In particular, ion-ion interactions have an exceptionally high energy 
of 250 kJmol-1, which is higher than the energy of even a weak covalent bond – and over 10 
times higher than the next strongest non-covalent interaction (hydrogen bonds). But 
unfortunately, it is rare to find circumstances where ion-ion interactions can be used in 
supramolecular assemblies, and so ion-dipole and dipole-dipole interactions have proven to 
be much more useful to supramolecular chemists.  

2. Dispersion forces 

These weak electrostatic forces are the result of attractions between instantaneous dipoles 

caused by momentary irregularities in the electron distribution around molecules. They are 

the only non-covalent interaction that affects every molecule – as long as a molecule has 

electrons, it will experience dispersion forces. They constitute an extremely delocalised 

interaction due to their random nature, which makes it very difficult to create supramolecular 

assemblies that rely on them for encapsulation. One of their few uses to date has been to 

encapsulate individual atoms that cannot undergo any of the other non-covalent interactions, 

such as xenon atoms (Figure 3). 

Figure 3 Xenon atom encapsulated in a tennis ball capsule using dispersion forces (Voloshin, Belaya, & Krämer, 2016) 

3. π-π stacking interactions 

This is the attractive force experienced between two aromatic rings. The exact mechanism 

behind this interaction is still unknown, but, the most recent theories suggest that it is 

electrostatic in nature. π-π stacking interactions can adopt only two arrangements – face-to-

face and edge-to-face (Figures 4 and 5).  
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This highly specific geometry makes this interaction extremely useful for supramolecular 

chemists as it allows for easy synthesis of unusual molecular architectures. In fact, it is 

believed that the unconventional herringbone crystal structure of benzene is formed to 

maximise the number of edge-to-face π-π stacking interactions. 

4. Hydrogen bonds 

Only three elements are electronegative enough to take part in hydrogen bonding – fluorine, 

oxygen and nitrogen. Due to their very high electronegativities, when these elements are 

bonded to hydrogen, they create a large positive dipole on the hydrogen atom. This positive 

dipole can then be attracted to the large negative dipole on the electronegative element of 

another molecule and the result is a large electrostatic interaction. Moreover, since hydrogen 

bonds form by the lone pair of the electronegative element adding a lone pair of electrons 

into the antibonding molecular orbital of the other molecule, the position of the antibonding 

orbital in line with the covalent bond means that hydrogen bonds form a specific molecular 

geometry and so are highly directional – in fact only very small deviations in the hydrogen 

bond angle of up to 15° are possible (Chaplin, 2020). 

 

Figure 6 Hydrogen bonding in water (Kimball, 2011) 

Both their strength and directionality make hydrogen bonds incredibly useful for 

supramolecular chemists. Their strength means that very few hydrogen bonds need to be 

formed to result in the enthalpy change needed to spontaneously encapsulate the desired 

molecule, and their directionality allows for the formation of molecular assemblies with very 

specific architectures. 

Figure 4 Face-to-face π-π 
stacking interaction (Ricq, 
2011) 

Figure 5 Edge-to-face π-π 
stacking interaction (Ricq, 
2011) 
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As well as varying hugely in directionality, the non-covalent interactions mentioned above 

also vary enormously in energy; whereas the average hydrogen bond might have an energy 

of 20 kJmol-1 (Beer, Gale, & Smith, 1999), dispersion forces have a maximum energy of only 2 

kJmol-1 (Beer, Gale, & Smith, 1999). But to a supramolecular chemist, the differences in 

energy between interactions is not as important as it may originally seem. What matters more 

is the number of interactions that can be made, dictated by the architecture of the assembly. 

For example, although the encapsulation of durene (1,2,4,5-tetramethylbenzene) by a 

cyclophane relies almost solely on π-π stacking interactions (which have about half of the 

energy of a hydrogen bond). Due to the geometry of the cyclophane, four such π-π stacking 

interactions can form, the result of which is quite a strong interaction (with the equivalent 

energy of two hydrogen bonds) and so the durene molecule is readily encapsulated (Figure 

7). 

These four different types of interactions can be used by supramolecular chemists to create 

supramolecular assemblies, such as Figure 7, in which a smaller molecule is encapsulated by 

a larger molecule. This is an idea that will become incredibly important when we begin to 

think about cage structures later on. There is one principle, above all, that is fundamental 

when looking at encapsulation and how it works – host-guest chemistry.  

In its most basic form, host-guest chemistry is very simple. A smaller molecule (the guest) 
binds to a larger molecule (the host) via a non-covalent interaction to form a host-guest 
complex (or supermolecule). To use the example from Figure 7, in this case, the cyclophane 
is the host, the durene is the guest and the encapsulated durene is the host-guest complex. 
The nature of the guest can vary hugely depending on the host involved. It can be organic or 
inorganic, and can vary in size from a large antibiotic to a single atom. For example, in a 
valinomycin-K+ complex (Figure 8), the guest is a single K+ ion.  

Figure 7 Encapsulation of durene by a 
cyclophane (Habata, 2008) 
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In order for a stable host-guest complex to form, the host and the guest must have 

complementary electronic character. For example, if the guest has the ability to form 

hydrogen bonds, then the host should have the ability to form hydrogen bonds with the guest 

and the hydrogen bonding sites in the host should be arranged to maximise the number of 

hydrogen bonds that are able to form with the guest. This complementarity in electronic 

character maximises the strength of the interaction between host and guest, meaning that 

there is a more negative change in enthalpy when the host-guest complex forms. Having a 

more negative change in enthalpy means that the host-guest complex is more likely to form 

because (since ∆𝐺 =  ∆𝐻 − 𝑇∆𝑆𝑠𝑦𝑠) it means that the change in Gibbs Free Energy for the 

host-guest reaction is more likely to be negative, meaning that the reaction is able to happen 

spontaneously.  

But the change in Gibbs Free Energy is often not a good means of calculating the likelihood of 

a host-guest complex forming, as it is often hard to quantify the change in entropy (ΔSsys) for 

such a reaction. Instead, a stability constant (also known as a binding constant) for the 

reaction is calculated. The idea of a stability constant has its roots in organometallic 

chemistry, where it is used to work out the likelihood of ligand exchange reactions. For host-

guest complex formation reactions, it is worked out as followed: 

The equation for the reaction can be written in the following way (where H is the host, G is 

the guest and HG is the host-guest complex): 

H + G ⇌  HG 

Since this is a reversible reaction, we can work its equilibrium constant. This is given the 

symbol K1: 

𝐾1 =
[𝐻𝐺]

[𝐻][𝐺]
 

But there is also a possibility that another guest will be encapsulated in the same host: 

HG + G ⇌  HG2 

The equilibrium constant for this reaction (K2) is: 

Figure 8 Valinomycin-K+ complex (Calvero, 2007) 

K+ 

https://en.wikipedia.org/wiki/Chemical_equilibrium
https://en.wikipedia.org/wiki/Chemical_equilibrium
https://en.wikipedia.org/wiki/File:Valinomycin.svg
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𝐾2 =
[𝐻𝐺2]

[𝐻𝐺][𝐺]
 

We can then continue this up to Kn: 

𝐾𝑛 =
[𝐻𝐺𝑛]

[𝐻𝐺𝑛−1][𝐺]
 

The stability constant (βn) for any one of these reactions is defined as: 

𝛽𝑛 =
[𝐻𝐺𝑛]

[𝐻][𝐺]𝑛
 

Now, we can also see that, if we multiply K1 and K2 together, the [HG] terms cancel, and we 

are left with β2. 

Therefore, continuing this process up to Kn it is clear that: 

𝛽𝑛 = ∏ K𝑛

𝑛

1

 

∴ 𝛽𝑛 = ∏
[𝐻𝐺𝑛]

[𝐻𝐺𝑛−1][𝐺]

𝑛

1

 

And so, the total stability constant for a host guest reaction is: 

𝛽𝑡𝑜𝑡 = ∑ ∏
[𝐻𝐺𝑛]

[𝐻𝐺𝑛−1][𝐺]

𝑛

1

𝑛

1

 

This total stability constant provides a measure for how likely it is that at least one host will 

be encapsulated – a higher stability constant means the reaction has a more negative change 

in Gibbs Free Energy and so is more likely to happen. Although, for most host-guest 

complexes, the probability of more than one guest being complexed is very small (a notable 

exception is provided in Section 9), so n=1 provides a reasonable approximation for βtot: 

∴ 𝛽𝑡𝑜𝑡 ≈
[𝐻𝐺]

[𝐻][𝐺]
 

The value for the stability constant depends on a large number of factors, such as the 

architecture of the host, the type of non-covalent interactions involved, and the relative sizes 

of the host and guest (which affect the distance over which the non-covalent interactions act). 

Furthermore, in the next section, we will see that the ease of formation of host-guest 

complexes involving supramolecular cages as the host also depends heavily on the ease of 

access of the guest to the inner phase of the cage and the encapsulation mechanism involved.  

The journey towards supramolecular chemistry was certainly not a simple one. From the first 

proposition of intermolecular forces in 1736, it was over 200 years before such interactions 

were successfully manipulated to create the first host-guest complex. As the field has 
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progressed, a whole plethora of tools and techniques have become available to the 

supramolecular chemist, such as maximising the number of interactions or using dispersion 

forces to encapsulate atoms of noble gases. However, it is only by using techniques derived 

from a variety of different chemistry disciplines, such as stability constants from 

organometallic chemistry, that supramolecular chemistry was able to develop into the 

important, revolutionary field that it is today.  
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Section 2: The Many Types of Supramolecular Cages 

Supramolecular cage is the term given to a whole zoo of different supramolecular structures, 

such as carcerands and fullerenes. Each have different structures and binding sites, however, 

they all have one thing in common – they are all able to form a host-guest complex in which 

the cage structure completely surrounds the guest, which can vary from a monoatomic cation, 

in the case of cryptands, to large organic molecules, in the case of hemicarcerands. However, 

before we look at the applications of these supramolecular cages, it is paramount that we 

have an idea of what makes each type unique and what makes them a useful means of 

encapsulation.  

Fullerenes are by far the most ubiquitous form of supramolecular cage, of which 

buckminsterfullerene (or ‘Bucky Ball’), discovered in 1985 by Sir Harry Kroto and Robert Curl, 

is by far the most well-known (Figure 9)– even appearing on most GCSE Chemistry courses. 

These constitute the simplest supramolecular cages that will be mentioned – they consist of 

solely carbon atoms arranged in a spherical or ellipsoidal arrangement.  

These cages are made especially stable by the delocalisation of electrons that can occur. Each 

carbon atom in the cage only forms three bonds, meaning that there is an extra network of π 

electrons that can be delocalised – much like in benzene. Moreover, since this effect is 

experienced in all of the rings that make up the cage, these π electrons can be delocalised 

over the whole structure of the cage, vastly increasing its stability. 

What is not covered when fullerenes are looked at on GCSE or even A Level courses is that 

they can be used to encapsulate small neutral molecules. The delocalised electrons magnify 

the dispersion forces within the inner phase of the cage and so can provide a relatively large 

enthalpy of encapsulation for neutral molecules, making the encapsulation process very 

energetically favourable. However, by far the most difficult part is getting the small molecules 

inside the cage so that they can be encapsulated.  

The first way that this can be done is to synthesise the fullerene in the presence of the desired 

guest and hope that some become encapsulated. This, however, gives a relatively low yield 

because, although the dispersion forces are magnified in fullerenes, they are still weak non-

covalent interactions and so they are not strong enough allow the templating effect to occur 

Figure 9 The structure of Buckminsterfullerene 
(Berne & Mulas, 2015) 
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(where the guest helps to assemble the cage to increase yield of encapsulation – see Section 

4) and so the encapsulation is purely based on probability.  

The alternative is to construct the cage as normal, and then open a part of it up to allow the 

guest to become encapsulated, then close the cage again once encapsulation has occurred. 

This is usually a much more effective way of encapsulating because you can leave the opened 

host and guest for a long time to maximise encapsulation, whereas in the previous method 

encapsulation could only occur in the short time taken for the fullerene to assemble. 3,6–

diphenylpyridazine is the most common reagent used to open up the fullerene in a so called 

‘molecular surgery’ reaction. When the resulting opened fullerene is treated with oxygen and 

UV light, followed by 1-hydroxy-N,N-dimethyl-pyinidin-4-amine, a large enough opening is 

formed to allow small molecules such as H2O to pass into the cage and become encapsulated 

(Figure 10). 

Once the guest has been encapsulated, the opening is closed up by first reacting the open 

cage with triisopropylphosphine, and then 1-phenyl-2,5-pyrrolidinedione (also known as 

succinanil) to return the cage back to its fullerene structure (Figure 11). 

However, the yield for the first stage of the molecular surgery reaction is only 6%, which 

hugely limits any potential applications of fullerene-based host-guest complexes, and 

furthermore, fullerenes such as buckminsterfullerene, on the molecular scale, are not that 

large and so the largest guest that has been encapsulated in a fullerene to date is only CH4 

(the simplest and smallest organic molecule). This puts further limitations on the utility of 

such fullerene cages. If encapsulation of larger molecules with higher yields is needed, we 

have to look past fullerenes and towards more complex cage structures – carcerands are one 

such example.   

Figure 11 The reaction that closes the fullerene after encapsulation (Gakh, 2018) 

Figure 10 The 'molecular surgery reaction to open up the fullerene (Gakh, 2018) 
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Carcerands, whose name derives from the Latin carcer meaning prison, were among the first 

supramolecular cages to be synthesised in the late 1960s by Donald Cram. They consist of two 

bowl shaped molecules, called cavitands, (Figure 12) linked by a number of spacer groups. 

Carcerands, unlike fullerenes, have the incredibly useful property that, by changing the length 

of the spacer groups used, the size of the inner phase can easily be changed so that the 

optimum inner-phase size for the guest molecule can be achieved (Figure 13). 

While researching carcerands at the University of Parma in the late 1990s, the Italian 

supramolecular chemist Enrico Dalcanale noted that, in the presence of transition metal 

atoms in the spacer groups, the percentage yield for the synthesis of carcerands was 87% - 

making it by far the most efficient synthesis of any supramolecular cage (Figure 14). This was 

particularly striking considering that the assembly of carcerands is usually an entropically 

unfavourable process. This remarkable result has subsequently been attributed to two 

factors. The first is that the interaction between the transition metal atoms in the spacer 

groups and the guest help to ‘template’ the assembly and bring the two cavitands close 

enough to bond to each other via spacer groups. The second is that, once one spacer group 

forms between the two cavitands, the remaining spacer groups are now very close to their 

Figure 13 Two carcerands synthesised by Cram with different spacer groups and so 
different inner phase sizes. The left one has thioether spacer groups, the right one 
has diether ones. (Cram & Cram, 1994) 

Thioether Spacers Diether Spacers 

Figure 12 The structure of a cavitand 
synthesised by Cram in the late 1960s 
(Cram & Cram, 1994) 
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intended bonding sites and so the remaining bonds form extremely quickly as the reaction 

has become an intramolecular one – it no longer needs to wait for a collision to happen.  

Therefore, if, as the Dalcanale synthesis suggests, the guest can be involved in the synthesis 

of carcerands, unlike fullerenes, a separate reaction to insert the guest is not required, making 

the encapsulation process much more efficient. Furthermore, guests that can form stronger 

non-covalent interactions with the cavitands such as ions (which can undergo strong 

electrostatic interactions) or larger guests (which cause much stronger dispersion forces) 

make the process of drawing the cavitands together to bond have a much more negative 

change in enthalpy, causing a more negative change in Gibbs Free Energy and so a larger 

stability constant and larger yield of host-guest complexes. This means that carcerands are 

perfectly suited to encapsulate large guests. For example, the yield for the encapsulation of 

N,N – dimethylethylamide (a relatively large guest molecule in host-guest chemistry) is 57% 

(Cram & Cram, 1994), whereas the yield for the encapsulation of neutral argon atoms in the 

same carcerand is only 0.67% (Cram & Cram, 1994).  

It was noticed by Cram in his initial studies on the first carcerands that there was only ever 

one guest in a carcerand at a time, no matter how large the inner phase was. He attributed 

this unusual result to the billiard ball effect. As the two guest molecules move around the 

inner phase of the carcerand, they collide. During the collision, the guest that is less strongly 

attracted to the cage will be given a larger amount of kinetic energy than the other guest. As 

more such collisions occur, eventually one of the guests will gain enough kinetic energy to 

overcome the electron-electron repulsion between the guest and the cage walls and escape 

the cage, leaving only one guest molecule in the carcerand. What made the situation even 

more unusual is that, once there was only one guest in the carcerand, it proved extremely 

difficult to remove the guest. Even if you increased the temperature, and so gave the guest a 

Figure 14 A generalised form of the Dalcanale's 
templated synthesis of carcerands. In Dalcanale's 
original research, M is Palladium and the guest is 
C11H24. (Steinke & Vilar, 2019) 
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large amount of kinetic energy, the repulsion between the guest and the cage walls proved 

to be too strong and so the guest remained in the cage until a high enough temperature was 

reached that the cage itself decomposed.  

However, if the spacer groups were very large, it was a completely different story. At 

temperatures only slightly higher than room temperature, the repulsion effects were weak 

enough, because of the increased distance that they acted over, and the guest had enough 

kinetic energy, to completely escape the cage. This effect was discovered using 1H-NMR of 

such cages with organic guests. For example, when Warmuth heated a carcerand containing 

benzyne, the following 1H-NMR spectra were obtained (Figure 15). 

These spectra clearly show that, after heating, the peak at 4.6 ppm (marked with an asterisk), 

which corresponds to the benzyne hydrogens disappears – the other inconsistencies were 

determined to be due to different solvent interactions. This disappearing peak therefore 

shows that, during heating, the guest can completely escape the carcerand and return to the 

solution. Such carcerands that have this remarkable ability to allow the guest to escape during 

heating are referred to as hemicarcerands (Figure 16). 

 

 

 

 

Figure 15 The 1H-NMR spectra obtained by Warmuth before heating (top) and after heating (bottom) (Warmuth, 1997) 
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However, it is extremely difficult to control the kinetic energy of individual molecules; at any 

given temperature, the kinetic energy of molecules in a sample will vary according to the 

Maxwell-Boltzmann distribution. Therefore, the half-temperature, which is the temperature 

at which half of the cages have released their guest, is usually more useful to supramolecular 

chemists. This is determined by performing NMR titrations of the hemicarcerands at a variety 

of different temperatures to determine the concentration of decapsulated guest molecules.  

The temperature at which escape can occur depends on a variety of factors such as the size 

of the inner phase (which affects the strength of the non-covalent interactions that the guest 

experiences) and the distance between the spacer groups (which affects the strength of the 

repulsion between the cage structure and the guest). For example, it was found that if slanted 

spacer groups were used, i.e. spacer groups that are not connected to their perpendicular 

bonding site, the size of the gaps in the cage structure increases so the half temperature is 

lower – the hemicarcerand in Figure 17 has a half temperature of just 53°C (Cram & Cram, 

1994), whereas it is 70°C (Cram & Cram, 1994) for the hemicarcerand in Figure 16.  

Figure 17 A hemicarcerand with slanted 
ethyl diether spacer groups (Cram & Cram, 
1994) 

Figure 16 One of the first hemicarcerands 
synthesised by Cram with benzyl diether 
spacer groups (Cram & Cram, 1994) 
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So, hemicarcerands provide a crude thermal release mechanism for supramolecular cages. 

We will see in Section 5 that more effective photo release mechanisms can be designed – but 

these usually rely on a different type of supramolecular cage – coordination cages.  

As the name suggests, coordination cages are supramolecular cages derived from transition 

metals and the unique coordination geometry that they allow. Transition metals have already 

proven to be useful in the Dalcanale synthesis of carcerands, however, in coordination cages, 

the difference is that the cage structure is built around the transition metals, allowing for very 

specific geometries to develop (a more detailed look at transition metal geometries is 

provided in Section 3). In particular, two geometries are particularly useful in the synthesis of 

useful coordination cages – pseudo-octahedral and square planar.  

The pseudo octahedral geometry around d6 transition metal atoms such as cobalt (III) have 

the incredibly useful ability of providing ligand binding sites in a tetrahedral arrangement, and 

so, if bidentate bridging ligands are used to connect four cobalt (III) atoms, a tetrahedral 

coordination cage is formed with its edges made from the chosen ligands (Figure 18). This 

means that the size of the inner phase can easily be altered by changing the length of the 

bidentate ligands used, meaning that even very large guests can be encapsulated. These 

tetrahedral cages are particularly useful to supramolecular chemists due to their incredibly 

high Td symmetry and so have a whole host of different applications, such as controlling the 

reactivity of alkyl ammonium guests (Zhang & Yang, 2018).  

 

 

One other property of cobalt (III) coordination cages makes them particularly attractive to 

supramolecular chemists. As d6 complexes, such as those based on cobalt (III), have a high 

crystal field splitting energy, they have a higher stabilisation of the low energy T2g molecular 

orbital and a high destabilisation of the eg high energy molecular orbital (Figure 19). This 

stabilisation/destabilisation process makes the cobalt (III) complexes inhabit a low energy 

state and so they are extraordinarily stable – the stability constant for cobalt (III) complexes 

is 1030 times larger than that of cobalt (II) complexes (Housecroft & Sharpe, 2001), which have 

a low crystal field splitting energy. Therefore, coordination cages based on cobalt (III) atoms 

are also exceptionally stable, further improving their potential applications. 

Figure 18 A 3D representation of a 
tetrahedral coordination cage made using 
cobalt (III) atoms (Symmers & Burke, 2015) 
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The other geometry that is often used to make coordination cages is the square planar 

geometry commonly seen in complexes of d8 elements such as palladium and platinum due 

to their unusual dsp2 hybridisation. If bidentate bridging ligands are used to link two or more 

d8 metal cations such as palladium (II), a desirable multifaced coordination cage is formed 

(Figure 20). The size of the inner phase can easily be controlled by changing the length or the 

bond angles in the bidentate ligands used.  

By changing the chemical properties of the ligands, it is also possible to design such 

coordination cages for specific purposes, for example, if aptamers (short, single stranded DNA 

Figure 20 A coordination cage based on Pd2+ ions and tripyridyl 
bidentate ligands (Crowley, Preston, & Lewis, 2016) 

v 
v 

Figure 19 An energy level diagram illustrating the crystal field splitting energy in Co(III) 
complexes (Lufaso, 2020) 



18 
 

or RNA molecules) are used to bridge the palladium centres (Figure 21), the cage’s affinity for 

titanium surfaces vastly increases (Ikemi, et al., 2010) and so the cages can be used to greatly 

enhance their guest’s capability to take part in titanium catalysed reactions.  

Curiously, the fact that the ligands bridge two transition metal atoms in both geometries 

hugely increases the stability of the cage through something called the chelate effect (the 

same effect occurs if a bidentate ligand bonds twice to the same metal atom). This stability 

arises from the entropic favourability of the ligand substitution reactions required to form the 

cage. For example, consider the reaction through which bidentate ligands (such as en – a 

common shorthand used for ethylenediamine) react with [Co(H2O)6]3+ complexes to form the 

tetrahedral cage in Figure 18: 

4[𝐶𝑜(𝐻2𝑂)6]3+ +  6(𝑒𝑛) ⇌  [𝐶𝑜4(𝑒𝑛)6]3+ + 24𝐻2𝑂  

On the left hand side, there are 10 species, whereas on the right hand side there are 25, 

including 24 high entropy liquid water species. Therefore, the right hand side is much more 

disordered, so there is a large positive change in entropy of the system for this reaction, and 

so the reaction has a large negative change in Gibbs Free Energy, meaning that the tetrahedral 

cage formed has a very high stability constant and so is very stable.  

Therefore, the chelate effect helps to make such coordination cages exceptionally stable.  

The last major type of supramolecular cages are cryptands, named from the Greek κρυπτειν, 

meaning ‘to hide’ for their ability to encapsulate small cations, these cages are commonly 

described as three dimensional crown ethers (see Section 1) and were first synthesised in 

1968 by Dietrich, Lehn and Sauvage, making them, along with carcerands, among the first 

supramolecular cages to be discovered. They are named using a naming system devised by 

Figure 21 An icosahedral Pd2+ based coordination cage with aptamer 
bridging ligands (Ikemi, et al., 2010) 

https://en.wikipedia.org/wiki/Chemical_equilibrium
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Lehn according to the number of oxygen atoms in each of the three linking groups. For 

example, a [2,2,2] cryptand has two such oxygen atoms in each group. (Figure 22). 

In order to be synthesised in any sort of high yield, high dilution techniques must be used to 

synthesise cryptands. This consists of solutions of each reactant being added dropwise into a 

large quantity of solvent. This encourages the formation of cryptands rather than poly ether 

amines because the extremely low concentration of intermediate means that collisions are 

very infrequent, so the intramolecular cyclisation reaction is favoured, meaning that cyclic 

cryptands are produced in high yield. Furthermore, cyclisation has a smaller change in entropy 

than polymerisation, so is less entropically unfavourable than polymerisation in the high 

disorder environment at low concentrations and so occurs at a much higher rate. 

Cryptands have high stability constants - a magnitude of 104 higher than crown ethers (Beer, 

Gale, & Smith, 1999) – when encapsulating monoatomic cations. This high stability constant 

is due to two main reasons. The first is that, in cryptands, due to the charge symmetry of the 

cations that they encapsulate, all of the oxygen atoms on the linking groups can form strong 

ion-dipole interactions. The combination of all of these strong interactions leads to a large 

negative enthalpy of encapsulation. The second is a solvent effect when encapsulation occurs 

in aqueous solvent. The metal cations before encapsulation are strongly solvated by the polar 

water molecules, but when encapsulation occurs, the interactions between the cation and 

the water molecules must break, causing the release of a large number of water molecules. 

This process increases the number of free species in the system, increasing the overall 

disorder and so causing a large positive change in entropy of the system for the encapsulation 

process. The combination of these enthalpic and entropic effects leads to a very large 

decrease in Gibbs Free Energy of encapsulation, giving cryptands a very high stability 

constant. 

Other, more exotic forms of cage structures based on hydrogen bonding also exist, such as 

the tennis ball capsules and cylindrical sliding cages discovered by the MIT supramolecular 

chemist Julius Rebek in the late 1990s (Figure 23). However, applications of these so far has 

been limited to encapsulating neutral guests such as individual xenon atoms, although more 

important applications such as their potential use as nanoreactors has been proposed. 

Therefore, the applications of supramolecular cages in Sections 6,7 and 8 will focus on those 

of the more traditional cage designs such as carcerands and coordination cages.  

Figure 22 The structure of a [2,2,2] 
cryptand (Sigma Aldrich, 2020) 
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Supramolecular cages come in a wide variety of different forms, from fullerenes, to 

hemicarcerands to cryptands. Each different type has its own appeal to supramolecular 

chemists, whether that be carcerands’ ability to encapsulate very large guests, or how 

coordination cages can exploit the chelate effect and crystal field splitting energies to from 

exceptionally stable complexes. With the synthesis of ever more exotic cage designs, such as 

tennis ball capsules and cylindrical sliding cages, one can only begin to imagine the bold, 

exciting possibilities that the future holds. 

  

Figure 23 Some of the exotic cages discovered by Rebek: cylindrical sliding cage (Left) and tennis ball capsule 
(Right) (Steinke & Vilar, 2019) 
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Section 3: How a Cage can be Designed with Particular 

Properties 

The potential applications of supramolecular cages rest heavily on the properties of the cage. 
For example, for cages used in drug delivery (Section 8) water solubility is crucial, or if the 
cage is required for molecular sensors (Section 7) the geometry of the cage is extremely 
important. So, the question stands: how can we make sure that the supramolecular cage has 
the properties that we require? In this section, I will be examining how two important 
properties of cages – solubility and geometry – can be manipulated to suit the cage’s function. 

Solubility can be broadly split into two distinct areas – solubility in water, and solubility in 

non-polar organic solvents, such as cyclohexane. Although solvents exist that do not fall into 

either category – propanone is an example of such a solvent – water and organic solvents are 

by far the most common and important solvents for supramolecular cages.  

So, what makes a molecule soluble in water? In pure liquid water, strong hydrogen bonds 

exist between the water molecules (see Section 1 Figure 6). For something to dissolve in 

water, some of these hydrogen bonds must be broken and replaced by interactions between 

the water and the solute. Breaking these hydrogen bonds requires a large amount of energy, 

so unless a similar amount of energy can be released due to the new interactions between 

water molecules and the solute (in reality this can be slightly less than the energy of the 

original hydrogen bonds due to the entropic favourability of dissolving), the dissolving process 

will be very endothermic, and so the change in Gibbs Free Energy is likely to be positive – 

meaning that the dissolving process will not happen spontaneously. Molecules that can form 

substantially strong interactions with water molecules for the dissolving process to occur 

spontaneously are called hydrophilic. Hydrophilic molecules often have high polarity, usually 

due to either polar bonds or hydrogen bond acceptors/donors. This polarity allows the solute 

to form strong interactions with many water molecules called hydration spheres (Figure 24); 

the sum of the energy released by the formation of all of these small interactions with water 

molecules in the hydration sphere is more than enough energy to allow the solute to dissolve. 

Figure 24 A hydration sphere that has formed around 
myoglobin - a water soluble protein made from hydrophilic 
amino acids (Fraunfelder & Chen, 2009) 
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Therefore, a supramolecular cage can be made more soluble in water by making its structure 

more hydrophilic. This can be done by making the cage structure itself feature more polar 

bonds or hydrogen bond acceptors and donors, however it is usually easier to do it by adding 

hydrophilic side chains to the cage structure. Hydrophilic side chains are groups of atoms that 

can be attached to the outside of the cage structure which have a high polarity and so increase 

the solubility of the entire cage. Popular choices for such hydrophilic side chains are 

polypeptides made from the nine hydrophilic amino acids: serine, threonine, aspartic acid, 

glutamine, cysteine, asparagine, glutamic acid, arginine and histidine. However, hydrophilic 

polymer side chains such as polyethylene glycol (PEG) (Figure 25) are also commonly used 

because its large chain length allows for a large number of polar bonds and so it is hydrophilic 

enough to make formerly insoluble cage structures water soluble. 

The opposite reasons explain why a molecule is soluble in organic solvents. Molecules with 

high polarity have strong intermolecular forces between each other, so when such molecules 

are dissolved, these strong interactions must be broken and replaced with stronger 

interactions between the solvent and the solute. However, for non-polar organic solvents, the 

only interactions able to form between solute and solvent are dispersion forces which are 

weak. Therefore, it is very energetically unfavourable for molecules with high polarity to 

dissolve in non-polar organic solvents. Instead, the molecules best suited to dissolving in non-

polar organic solvents are ones where only dispersion forces exist between the solute 

molecules in their undissolved state (i.e. molecules with low polarity) – so the reformation of 

dispersion forces with the solvent upon dissolving releases enough energy to make the 

dissolving process favourable. As a result, the molecules best at dissolving in non-polar 

organic solvents are usually extremely bad at dissolving in water – and so are called 

hydrophobic.  

In exactly the same way as for hydrophilic cages, hydrophobic side chains can be used to make 

a cage more soluble in non-polar organic solvents. Such side chains tend to be bulky and 

contain lots of bonds between elements of similar electronegativities – which give it a low 

polarity. Common choices include polypeptides of the seven hydrophobic amino acids: 

glycine, proline, phenylalanine, alanine, isoleucine, leucine and valine. However, in general, 

cage structures tend to be bulky and have low polarity – since benzene rings and alkyl chains 

are commonly used to make the cage structure itself, so adding side chains to increase a 

cage’s hydrophobicity is not usually required.   

The geometry of a cage is hugely important, if it is to function in the desired manner, for a 

whole variety of reasons. The geometry of the cage controls the position of the binding sites. 

Figure 25 Polyethylene glycol - a hydrophilic 
polymer commonly used as a hydrophilic side chain 
in supramolecular cages (Sigma Aldrich , 2013) 
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For host guest interactions involving highly directional non-covalent interactions, such as 

hydrogen bonds this is vital because a deviation of the binding sites from the optimal positions 

can vastly decrease the strength of the interaction, and so greatly decrease the stability 

constant for the host-guest complex (an example this can be seen in Section 9). The geometry 

of a cage can also play a very important role in its stability and ease of assembly. For example, 

if a coordination cage consists of bridging or multidentate ligands, by the chelate effect 

(Section 2), the stability constant for the cage will increase and so the assembly of the cage 

will be a much more energetically favourable process and so it is more likely that successful 

self-assembly will occur.  

Arguably the most important factor to consider when designing a cage with a particular 

geometry is choosing the right centre. The centre of a cage is simply the atom or group of 

atoms that a supramolecular cage is built around. For many cages (such as most cryptands) 

the centre can be as simple as a single nitrogen atom or a benzene ring (Figure 26) 

However, to obtain more specific and complex geometries, typical p-block element based 

centres are much less useful. Instead, it is necessary to use coordination chemistry and d-

block elements to obtain the desired geometry. Coordination chemistry is simply the 

chemistry of dative covalent bonds. More specifically, it is the branch of chemistry that deals 

with ligand-metal interactions and the formation of complexes using ligands and d-block 

elements.  

The coordination chemistry of d-bock elements allows for much greater variation in geometry 

than the valence shell electron pair repulsion (VSEPR) theory that controls the molecular 

geometry of p-block elements. This is because d-block elements have nine atomic orbitals in 

their outer shells whereas p-block elements have only four. There are more atomic orbital 

combinations when making molecular orbitals for d-block elements than p-block, allowing for 

more variation in geometry. In addition, in coordination chemistry, non-bonding molecular 

orbitals, the equivalent of lone pairs in VSEPR theory, exert much less of an influence in the 

overall geometry than lone pairs do for p-block elements. This means that there are fewer 

constraints on the molecular geometry for elements in the d-block than the p-block.  

Figure 26 A 3,3,3,3 cryptand which has a 
benzene ring as its centre (Pettinari, 2003) 
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To understand the sheer variety of geometries made possible by coordination chemistry, we 

need to use something called a coordination number. A coordination number, a term coined 

by Swiss chemist Alfred Werner in the 1910s is the secondary valency possessed by transition 

metal elements. The primary valency is the oxidation state of the metal atom, and the 

secondary valency (coordination number) is the total number of ligands bonded to the metal 

atom (bidentate ligands count twice when calculating the coordination number).  Much like 

in VSEPR theory, where the number of bonding and lone pairs determines the geometry, for 

d-block elements it is the coordination number that determines the geometry.  

For low coordination numbers (1-4), the geometries that occur are very similar to those that 

we would expect from VSEPR theory for example the palladium complex PdH3 has a trigonal 

planar geometry and the titanium complex TiCl4 is tetrahedral (Figure 27). 

 

The one exception is a square planar geometry. Molecules with square planar geometry are 

quite rare in VSEPR theory and tend to be limited to unusual noble gas compounds such as 

XeF4. However, a square planar geometry is very common amongst d-block elements with a 

coordination number of 4 – especially d8 group elements such as palladium and platinum for 

whom the dsp2 hybridisation in their molecular orbitals makes a square planar geometry very 

favourable. A common example is the anticancer drug cis-platin, which features a square 

planar geometry around the central platinum atom (Figure 28). 

A square planar geometry is extremely useful when designing coordination cages, because it 

allows for a cage to contain four parallel ligands – something that comes in handy when 

designing a receptor to ensure strong binding of guests with square planar and octahedral 

geometries. An example of the importance of such cages is the cage in Figure 29, which 

exploits the square planar geometry around the two palladium atoms to construct a 

Figure 28 The structure of cis-platin, which contains 
platinum in a square planar geometry (Benrr 2012) 

Figure 27 3D representations of PdH3 (Left) and TiCl4 (Right) (Olofsson, Kritikos, & Noreus, 1998) 
(University of Liverpool, 2020) 
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coordination cage able to encapsulate cis-platin (Figure 28) and vastly improve the 

effectiveness of its drug delivery mechanism. 

As the coordination number of a metal increases, the molecular orbitals that form and the 

orbital hybridisation that occurs can become much more complicated. This leads to a whole 

host of wacky geometries such as pentagonal bipyramidal in [ZrF7]3- (Figure 30) for a 

coordination number of 7, and tricapped trigonal prismatic for a coordination number of 9 in 

complexes such as [ReH9]2- (Figure 30) 

Although some of the weird and wonderful geometries obtained – particularly those with 

large odd numbered coordination numbers – are simply too irregular to every find use in a 

supramolecular cage, many unusual geometries have been incredibly useful in creating 

specific cage designs – for example, the cage designed in Section 9 relies heavily on the 

unusual trigonal prismatic geometry around two molybdenum atoms (with coordination 

numbers of 6), and in the cage in Figure 31, which is used to encapsulate benzoic acid 

derivatives, the multidentate nature of the ligands make an octahedral geometry (allowed by 

the coordination number of 6 for the zirconium atoms) very energetically favourable. 

Figure 29 A coordination cage with two square 
planar palladium centres (Woods, et al., 2019) 

Figure 30 3D representations of [ZnF7]3- (Left) and [ReH9]2- (Right) (Mills, 2008) 
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So clearly, both the solubility and the geometry of supramolecular cages are hugely important 

in ensuring that it has the desired properties. Simple adaptations to the cage structure, such 

as adding hydrophilic side chains like PEG, or using d-block metal centres to take full 

advantage of the unique geometry that they allow, play an integral role in helping to 

manipulate the properties of the cage so that it is perfectly suited to carry out its function.  

  

Figure 31 A coordination cage based on two 
octahedral zirconium centres in a host-guest complex 
with two benzoic acid derivative guests (Bravin, 
Guidetti, Licini, & Zonta, 2019) 
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Section 4: Self-Assembly Techniques 

Since it is not possible to individually construct supramolecular complexes, it is the job of the 

supramolecular chemist to work out how to make sure that the starting molecules come 

together in the desired arrangement. At the heart of this process is this idea of self-assembly.  

In its basics, self-assembly is simply the reversible assembly of a specific host-guest complex. 

More specifically, is the mechanism by which a disordered system of component molecules 

forms a structure with high levels of organisation due to the precise small-scale interactions 

between them. An example of the supramolecular assembly of an icosahedral cage structure 

from two types of component molecule is shown in Figure 32. 

In most self-assembly schemes, having symmetrical component molecules is essential, 

otherwise it is very difficult to control the assembly and make sure that the desired host-guest 

complex forms. Therefore, Platonic solids such as icosahedra, tetrahedra, and octahedra are 

very useful structures for supramolecular cages (particularly coordination cages) due to their 

high degrees of symmetry, meaning that they can easily be synthesised from symmetric 

components. 

However, the immediate problem faced by self-assembly is the second law of 

thermodynamics. Creating an ordered system from a disordered one – as self-assembly aims 

to do – is very entropically unfavourable and so causes a very negative change in entropy of 

the system, which would make the change in Gibbs Free Energy for the reaction much less 

negative and so the stability constant for the host-guest complex would be extremely low. 

Fortunately, supramolecular chemists have devised a number of ways of increasing the 

entropy of the self assembly process meaning that the stability constants of the intended 

host-guest complexes are much higher.  

The overall change in entropy (ΔSagg) for a typical self-assembly reactions is given by the 

following equation (Bergstrom, 2011): 

∆𝑆𝑎𝑔𝑔 =  −𝑘(ln(𝜑𝑁) − 𝑁𝑙𝑛(𝜑𝑓𝑟𝑒𝑒)) 

Where N is the total number of component molecules, 𝜑𝑓𝑟𝑒𝑒 is the volume ratio of the 

component molecules, 𝜑𝑁 is the volume ratio of the host-guest complex that forms and k is 

a positive constant. To minimise the increase in entropy for the self-assembly process, ΔSagg 

must be as little below zero as possible. So, it is clear that, for this to occur, we want 𝜑𝑁 to be 

Figure 32 The self-assembly of an icosahedral cage structure from two 
types of component molecules (Davis, Yeh, & Raymond, 2002) 
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as high as possible and 𝜑𝑓𝑟𝑒𝑒 to be as low as possible. This can be achieved by using a 

saturated solution of the component molecules in a solvent that has a high affinity for the 

component molecules, but a very low affinity for the self host-guest so that it precipitates out 

of the solution. By making these changes to the nature of the solution used for the self-

assembly, ΔSagg can be minimised so that the stability constant for the host-guest complex is 

as high as possible. 

Another popular way for supramolecular chemists to solve the issue of entropy is to exploit 

the hydrophobic effect. When supramolecular cages with hydrophobic inner phases are 

assembled in aqueous solution, as the cage structure begins to form, water molecules arrange 

themselves in structured arrays inside the inner phase, but do not form interactions with the 

hydrophobic cage walls (Figure 33). 

When the host becomes encapsulated, this water becomes displaced and returns into the 

aqueous solution. As it does so, the structured array of water molecules breaks down, which 

is very entropically favourable and the water molecules form more hydrogen bonds, causing 

a favourable change in enthalpy. The combination of these entropic and enthalpic effects 

causes the encapsulation process to have a more negative change in Gibbs Free energy than 

it otherwise would, and so the host-guest complex that forms has a much higher stability 

constant. 

In some circumstances, however, since the change in Gibbs Free energy is a function of both 

changes in entropy and enthalpy (ΔG = ΔH-ΔSsys) even if there is a negative change in entropy 

of the system, if there is a sufficiently negative change in enthalpy, there will still be a negative 

change in Gibbs Free Energy and so a high stability constant. This is a strategy that is often 

used when assembling very large supramolecular assemblies. If, during the self-assembly, a 

large number of high energy covalent bonds can form, the result will be a significantly 

negative change in enthalpy and so a high stability constant.   

Figure 33 The structured array of water 
molecules inside a hydrophobic 
supramolecular cage compared to the 
disordered arrangement outside (Thomas, 
2017) 
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In the early years of supramolecular chemistry, organic synthesis provided the strategies for 

self-assembly. For example, high dilution techniques, which had been known and used by 

organic chemists many years earlier to synthesise macrocyclic rings, were exploited by Lenh, 

Diedrich and Sauvage in 1968 in the self-assembly of the first cryptand (Section 2). However, 

as supramolecular cages became ever more complicated in their structures, it became clear 

that organic synthesis methods would no longer be useful – in the synthesis of the first 

carcerands, the three stage process required first the synthesis of octols from resorcinols, 

then the synthesis of cavitands from octols and then the synthesis of carcerands from 

cavitands (Figure 34). The multistage nature of this process meant that the final yield was only 

51%. There had to be a more effective way to synthesise supramolecular cages.  

In the end, the solution came from applying a principle from organometallic chemistry known 

as templating. Templating works on the principle that another molecule or ion can be used to 

stimulate the assembly of the desired arrangement. In organometallic chemistry templating 

is used to ensure the correct geometry occurs during ligand substitution reactions. For 

example, the use of nickel (II) atoms as a templating agent in the dialkylation of a nickel 

dithiolate locks the conformation of the complex, ensuring the formation of a multidentate 

ligand based nickel (II) complex, rather than the polymer that would form if the nickel atoms 

were not present (Figure 35). 

With templating in supramolecular chemistry, a field worked on extensively by the prolific 

Japanese supramolecular chemist Makoto Fujita, a whole variety of different species can be 

used as a templating agent, including metal atoms, cations, anions, and even simple organic 

Figure 34 Three organic intermediates in the synthesis of carcerands - from left to right - resorcinols, octols and cavitands 
(Pub Chem, 2020), (Enacademic, 2020), (Korotcenkov, 2013) 

Figure 35 The equation for the nickel templated dialkylation of a nickel dithiolate (Daryle & Thompson, 1964) 
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molecules. Templated self assemblies, such as the Dalcanale synthesis of carcerands outlined 

in Section 2, can have yields as high as 87% (Steinke & Vilar, 2019) – over 36% higher than the 

yield of carcerands using organic based self-assembly. Moreover, if the templating agent is 

the desired guest, an extremely high yield of encapsulation is also obtained – since almost all 

of the hosts that form will already contain the guest inside.  

Modern Supramolecular chemistry divides templating self-assembly of supramolecular cages 

into two distinct areas: edge directed and face directed. Both work on the principle that the 

non-covalent interactions that form between the templating agent and the component 

molecules bring the component molecules into close proximity, which allows for easy 

covalent or coordination bond formation to construct the structure of the cage, but they do 

so in very different ways. 

In edge directed templated self-assembly, the strong non-covalent interactions between the 

component molecules and the templating agent are used to build up the edges of the cage 

structure. Hydrogen bonding is commonly used because its high strength means that there is 

a greater change in enthalpy upon the formation of the interaction between the component 

molecules and the template, and their directional nature allows for the component molecules 

to be positioned in the correct arrangement to form the edges of the cage structure. An 

example is the use of BF4
- ions (Figure 36) in the self-assembly of tetrahedral cobalt (II) based 

coordination cages.  

The extremely high electronegativity of fluorine causes the boron-fluorine bonds in BF4
- to 

become extremely polarised. This means that the large negative dipoles on the fluorine atoms 

can form strong dipole-dipole electrostatic attractions to the cobalt (II) atoms – ensuring that 

they form the vertices of the cage – and the positive dipoles on the carbon atoms adjacent to 

nitrogen atoms in the pyrazolyl-pyridine ligands, ensuring that they form the edges of the 

cage and act as bridging ligands between to cobalt (II) ions. The tetrahedral geometry of the 

BF4
- ion itself ensures that then vertices and edges form in a tetrahedral arrangement so that 

the final cage structure is tetrahedral (Figure 37).  

Figure 36 The structure of the BF4
- anion 

(Wikiwand, 2020) 
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In face directed templated self-assembly, on the other hand, the templating agents act as the 

vertices of the cage, and are actually incorporated into the structure of the cage itself, 

ensuring that the faces of the cage are positioned in the places required to form the desired 

cage design. An example of a face templated self-assembly is the synthesis of pseudo-

tetrahedral Pd12 coordination cages (Figure 38). 

The component molecule used as the ‘faces’ for the cage is [1,3,5-tri(1H-tetrazol-5-

yl)benzene] – a symmetrical benzene derivative (Figure 39). 

Figure 39 The structure of [1,3,5-tri(1H-tetrazol-5-
yl)benzene] (Howlader & Mukhergee, 2016) 

Figure 37 The structure of the BF4
- templated tetrahedral 

Co(II) cage (Paul, Bell, & Jeffery, 2002) 

Figure 38 A simplified structure of the pseudo-
tetrahedral Pd12 coordination cage (Howlader 
& Mukhergee, 2016) 
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The templating agent used is cis-(tmeda)Pd(NO3)2 – a square planar complex of palladium 

(Figure 40).  

During the self-assembly, two of the nitrogen atoms on the five membered heterocyclic rings 

of the face molecules form dative covalent bonds in ligand substitution reactions with the 

palladium complexes, and each complex forms such dative covalent bonds with two of the 

face molecules. The square planar geometry, and the 60° angle that it makes possible, due to 

the dsp2 hybridisation around the palladium (II) atoms, causes the faces to be positioned at 

exactly the 60° angle required to form a pseudo-tetrahedral structure – specifically a 

truncated tetrahedron. The palladium (II) atoms form the vertices of the truncated 

tetrahedron, and their two ligands that are not involved in the cage structure point outside 

of the cage.  

So clearly templating is an incredibly useful technique in self-assembly, because it allows for 

the formation of very specific cage structures – something that will certainly come in useful 

in Sections 6,7 and 8 when the applications of supramolecular cages are discussed, for which 

having the right cage structure is incredibly important.   

Figure 40 The structure of cis-
(tmeda)Pd(NO3)2 (Howlader & 
Mukhergee, 2016) 
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Section 5: What are Photorelease Mechanisms and How do 

they Work? 

Release mechanisms refer to the variety of different ways that supramolecular cages, once 

they have encapsulated a guest, can then be reopened to release the encapsulated guest at 

the desired time. We have already come across an example of a release mechanism in Section 

2 when hemicarcerands were discussed. At high temperatures, the non-covalent interactions 

between the host and the guest weaken enough for the guest to be released. However, it is 

extremely difficult to control the temperature of individual host-guest complexes – the 

temperature distribution of such complexes will follow the Maxwell-Boltzmann distribution. 

This means that it is extremely difficult to induce opening of hemicarcerands at a specific time 

and even at temperatures lower than the release temperature, a proportion of the cages will 

have enough kinetic energy to release the guest, causing release to occur at an unintended 

time, which, particularly in applications such as drug delivery (Section 8) can have very 

harmful consequences.  

So, if not thermally induced release mechanisms, what mechanisms can be used to induce 

release of the guest at the desired time and place? It turns out that photorelease mechanisms 

provide the perfect environment for controllable release mechanisms to successfully occur.  

Photorelease mechanisms rely on the interactions between high energy photons and the 

host-guest complex to alter the binding capabilities of the host. There are two mechanisms 

by which this can be achieved: photo-induced isomerisation of the cage structure, and photo-

induced bond cleavage within the ligands themselves.  

The fundamental principle underpinning photo-induced isomerisation release mechanisms is 

that when a cage is irradiated with UV light, the irradiation can trigger an intramolecular 

isomerisation reaction within the ligands themselves. This means that the actual shape of the 

ligands changes, altering the geometry of the binding sites and hence changing the stability 

constant for the host guest complex. If the isomerisation results in a decrease in the stability 

constant, encapsulation is less energetically favourable than before, so the equilibrium for 

the encapsulation-decapsulation reaction shifts to increase favourability for the 

decapsulation reaction, causing a proportion of the host guest complexes to revert back to 

individual hosts and guests.  

Diethynyl ligands readily perform such photo-induced isomerisation reactions, and so can be 

used to construct supramolecular cages with such a photorelease mechanism. For example, 

consider the coordination cage in Figure 41: 
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This coordination cage’s geometry rests heavily on the square planar geometry around its two 

palladium centres (see Section 3) which allows for its four bridging ligands to be arranged 

parallel to each other, ensuring that the desired geometric change is achieved during the 

isomerisation reaction. In Figure 42 there is a more in depth look at the structure of the 

bridging ligands themselves. 

The ligands consist of two 3-ethynylpyridine groups bonded to three five membered rings, 

two of which are heterocyclic (containing sulphur atoms). Within the ligand there is a large 

network of conjugated double bonds, which allows degree of delocalisation to occur 

throughout the molecule. It is likely that this delocalisation is the reason behind the 

photosensitivity of the molecule, because delocalisation is linked to a number of optical 

properties of molecules such as colour and light absorption. These three connected five 

membered rings provide an acute angle between the two 3-ethynylpyridine groups, which 

gives the cage structure a large inner phase – and hence this isomer of the cage is referred to 

as the open isomer. Having a large inner phase is favourable for encapsulation because it 

minimises the electron-electron repulsion between the guest and the cage walls by 

maximising the distance between the guest and the ligands.  

Figure 41 A coordination cage with palladium centres and 
diethynyl ligands capable of photo-induced isomerism reactions 
(Li, Han, Tessarolo, Holstein, & Lübben, 2019) 

Figure 42 The structure of the 
open isomer of the bridging 
ligand (Li, Han, Tessarolo, 
Holstein, & Lübben, 2019) 
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When the ligand in Figure 42 is irradiated with 313nm UV light, an isomerism, or more 

specifically a cyclisation, reaction occurs. The π bonds in the heterocyclic five membered rings 

are broken and, via a pericyclic mechanism, a new six membered ring forms within the region 

bound by the five membered rings, forming an isomeric form of the original ligand (Figure 

43).  

The change in molecular geometry during this cyclisation reaction causes the angle between 

the two 3-ethynylpyridine groups to become obtuse, causing the inner phase of the cage to 

become smaller. Hence, this isomer of the cage is referred to as the closed isomer. Curiously, 

since the two isomers have different conjugated double bond systems, there is an observable 

colour change for this reaction  - the colour changes from yellow to blue as the cage changes 

from open to closed. This is something that can be detected and used, via colorimetry, to 

quantify the extent that isomerisation of the open isomer has occurred.  

Since the closed isomer of the cage has a much smaller inner phase than the open isomer, 

there is much greater repulsion between the guest and the cage structure. This makes the 

encapsulation reaction significantly less energetically favourable for the closed isomer. In 

experiments conducted by Li et al. in 2019, using a large guest [B12F12]2- (Figure 44) to magnify  

the repulsion effects, it was found that the change in Gibbs Free Energy for the encapsulation 

of [B12F12]2- was 40.2% (Li, Han, Tessarolo, Holstein, & Lübben, 2019) higher for the open 

isomer than the closed one. This may not seem like a great deal, but, since there is a 

logarithmic relationship between Gibbs Free Energy and the stability constant of the host-

guest complex, this 40.2% difference equated to 52.2% of the [B12F12]2- guests being 

decapsulated and released into the surrounding solution when the open isomer was 

irradiated with 313nm UV light. So clearly photo-induced isomerism provides a very useful 

and reliably way of controlling the release of guests from the host cage.  

Figure 43 The open form (left) and closed form (right) of the bridging 
ligands (Li, Han, Tessarolo, Holstein, & Lübben, 2019) 
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Photo-induced isomerism, whilst it may prove to be very successful in many applications of 

supramolecular cages, poses a problem if biological applications are required – for example, 

the targeted drug delivery described in Section 8 – because a high intensity of UV light is 

required to induce a large yield of isomerisation. Such high intensity UV light is likely to be 

extremely damaging to living cells, making photo-induced isomerism release mechanisms 

unusable in biological applications. Instead of photo-induced isomerisation, biological 

applications would require a much more photo-sensitive photorelease mechanism – one that 

could be triggered using only very low intensity UV light. Photo-induced bond cleavage 

provides the key to such a release mechanism.   

Photo-induced bond cleavage release mechanisms are derived from the principle that UV light 

can be used to cleave (break) certain chemical bonds. A common example is that, in the 

presence of UV light, the covalent bond between two chlorine atoms will break homolytically, 

forming two chlorine radicals (Figure 45). 

In certain circumstances, a bond in a ligand of a supramolecular cage can be cleaved using UV 

light. This both reduces the binding strength of the host-guest complex, and provides an area, 

with much less electron repulsion than previously through which the guest can easily escape. 

The combination of both of these effects means that the cleaving of a bond in one of the 

ligands can often lead to the guest being released.  

An example of such a photo-induced bond cleavage release mechanism was observed by Fang 

et al. in 2013 in hemicarcerands with nitrophenyl ethers as the bridging ligands (Figure 46). 

When 330 nm UV light is shone on the hemicarcerands in the presence of water, the bond 

between the ether oxygen atom and the carbon atom closest to the nitrophenyl group is 

cleaved, inducing a photochemical oxidation reaction that ends up with the formation of a 

Figure 44 The structure of a [B12F12]2- anion 
(Balakrishnarajan & Pancharatna, 2015) 

Figure 45 The chemical equation for the photo-
induced Cl-Cl bond cleavage to produce two 
chlorine radicals (Chemistry Stack Exchange, 
2016) 
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hydroxyl group and a 2-nitrobenzaldehyde group. The gap created by this cleavage and 

oxidation process is large enough that the guest can pass through it virtually unhindered and 

escape the cage. 

The exact mechanism for this reaction is still unknown, however, it is believed that it does not 

involve a free radical mechanism, something that is unusual for chemical reactions involving 

UV light. Otherwise, we would not expect to see the oxidation products that we obtain – the 

formation of an aldehyde and a hydroxyl group is much more typical of a form of oxidative 

cleavage reaction, possibly combined with photo-induced oxidation to form the aldehyde 

group. 

However, the question still stands: why is it only the bond between the ether oxygen atom 

and the carbon atom closest to the nitrophenyl group that is cleaved and not any other of the 

bonds in the ligand? The answer to this lies in the dipoles on the respective atoms. The bond 

between the carbon atom and the oxygen atom is polar – since oxygen is more 

electronegative than carbon – which creates a large positive dipole on the carbon atom; the 

other carbon atom also has a positive dipole due to the electron withdrawing effect of the 

nitro group, but it is a much smaller dipole because of the increased distance between the 

electron withdrawing nitro group and this carbon. The result is a carbon-carbon single bond 

in which both carbons have a positive dipole, therefore the repulsion between the carbon 

atoms will be larger and so, using a bonding model for covalent bonding such as the Lennard-

Jones Potential, we can see how this would affect the bond strength. The equation for the 

Lennard-Jones Potential between two atoms is (ChemGuide, 2019): 

𝑉(𝑟) = 4𝜖((
𝜎

𝑟
)

12

− (
𝜎

𝑟
)

6

) 

Where V is the potential energy stored in the bond, 𝜖 is the potential well depth (a measure 

of how strongly the two particles attract each other), 𝑟 is the distance between the two 

bonding atoms and 𝜎 is the Van Der Waals radius (the distance at which the potential 

between the two atoms is zero).  

Figure 46 The mechanism for the photo-induced cleavage/oxidation release reaction in hemicarcerands 
(Fang, Hao, & Houk, 2011) 
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Using this model, we can see that, since there is going to be significant repulsion between the 

positive dipoles on the two carbon atoms, the value of 𝜖 is going to be small (since the 

attraction will be weak). If 𝜖 is small, it means that the Lennard-Jones potential well is shallow 

(Figure 47), and so a lower energy is required to overcome the potential well and break the 

bond compared with normal carbon-carbon bonds. This lower energy requirement means 

that a larger wavelength (and so lower energy) UV photon can be used to break the carbon-

carbon bond. Therefore, if this larger wavelength UV light is used, it will only have enough 

energy to overcome the potential well and break this carbon-carbon bond; all of the other 

bonds, due to less repulsion between the bonding atoms, will have much deeper potential 

wells and so this large wavelength UV light will not have the energy required to overcome the 

potential well and break the bond. This means that only the intended bond will break if the 

correct large wavelength UV light is used for irradiation.  

However, as well as the wavelength, the type of light source chosen will also play an extremely 

important role in the success of any photorelease mechanism. There are two main types of 

light sources that are used for this purpose: flash lamps and two photon excitation. 

The flash lamps commonly used for photorelease mechanisms are pulsed xenon-mercury arc 

lamps. These are gas discharge tubes that rely on the rapid charging and discharging of a 

gaseous mixture of xenon and mercury to create short flashes of ultraviolet light (Figure 48); 

the usual time difference between each pulse is 1 millisecond. The mercury atoms are 

necessary to make sure that UV light is emitted rather than the usual white light produced in 

arc lamps containing purely xenon. 

 

 

Figure 47 A diagram of the Lennard-Jones Potential Illustrating the potential 
well depth 𝜖 (ChemGuide, 2019) 
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The key advantage of using flash lamps as a source of UV light is that, since the pulse width 

(the duration of time that photons are being produced) of each flash is longer than most other 

pulsed UV sources, many rounds of excitation of the same molecule can occur in a single flash, 

because the excitation time for most organic-based molecules is only a few nanoseconds 

(much shorter than the pulse width). Moreover, xenon and mercury arc lamps are simple and 

cheap to make, and so arc lamps are the irradiation method of choice for almost all 

applications.  

However, xenon and mercury arc lamps pose a large problem if we want to induce 

photochemical release inside the body. Since the light produced is released in all directions, 

a large amount of diffraction occurs. As a result, the UV light produced attenuates significantly 

even just a short distance from the lamp and so the UV light source is not of a high enough 

intensity to penetrate tissue and so is unable to irradiate and induce photorelease of cages 

within the body. If we want a UV light source capable of performing such a task, we need to 

use two photon excitation.  

Two photon excitation works on the principle that two relatively low energy photons can be 

used to excite a fluorophore (usually a sapphire crystal that has been doped with Ti3+ ions) 

and cause it to emit a high energy photon (such as a UV photon) upon deexcitation. The 

probability (p) of photon release from the fluorophore is governed by the equation (Ellis-

Davies, 2007):  

𝑝 ∝
𝛿〈𝑃〉2

𝜏𝑓2
(

𝑁𝐴2

2ℎ𝑐𝜆
)

2

 

Where 𝛿 is the cross-section, 〈𝑃〉 is the expectation value of the incident power, 𝜏 is the pulse 

width, 𝑓 is the repetition rate of the incident light, NA is the aperture, 𝜆 is the wavelength of 

light emitted by the fluorophore, and h and c are the Plank constant and the speed of light. 

This highly non-linear relationship between the probability of release and the other variables 

means that the stream of photons produced is highly localised in a single direction. As a 

consequence, two photon excitation can be used to selectively irradiate a highly precise area  

- such as individual body cells.  

Moreover, what makes two photon excitation particularly useful biologically is that, due to 

the highly localised nature of the UV light produced, little diffraction and attenuation occurs, 

and so the UV light remains intense enough to penetrate body tissue. Hence, two photon 

Figure 48 A xenon-mercury arc lamp (Amazon, 2020) 
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excitation could be used to induce photorelease of cages in specific cells inside the body – 

something that could be manipulated to create photo-induced targeted drug delivery (Section 

9), something that could provide a revolutionary new application for supramolecular cages. 

Both photo-induced isomerisation and photo-induced bond cleavage reactions provide 

effective ways of releasing the guest at the desired time and are extremely useful when 

devising applications for supramolecular cages (see Sections 6-9). When, however, 

applications within the body are considered, it is also necessary to consider the intensity of 

the UV light used, so that damage to tissue does not occur. As a result, for such applications, 

the use of two photon excitation for photo-induced bond cleavage has shown to be crucial 

due to its unique ability to precisely penetrate areas of tissue, while remaining at a low, safe 

intensity. 
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Section 6: Chemical Applications of Supramolecular Cages 

Among the most important applications of supramolecular cages are their chemical 

applications in areas such as analysis and catalysis. Specifically designed supramolecular cages 

can act has homogenous catalysts for organic reactions, be used to remove unwanted 

molecules from small scale systems, and even solve the problem of observing highly unstable 

molecules.  

One type of supramolecular cage that has the ability to perform a plethora of such 

applications is coordination cages based on iridium (III) atoms. Iridium (III) is a useful starting 

material for supramolecular chemists for a number of different reasons. For example, its d6 

electronic structure gives its complexes the same high crystal field splitting energy and 

stabilisation of the low energy T2g molecular orbital as cobalt (III) (see Section 2), and so 

iridium (III) complexes are exceptionally stable. Moreover, like some other metals such as 

mercury, iridium has also been shown to have photosensitisation properties. When iridium 

atoms are irradiated with light, their molecular orbitals are transferred to an excited state, 

and when these excited iridium atoms collide with other atoms or molecules, this energy can 

be transferred to excite other atoms or break bonds. It is this property of iridium that has 

proven to be crucial in its catalytic properties. 

In particular, iridium (III) complexes with tris(4-pyridyl-methyl)-cyclotriguaiacylene (Figure 49) 

have been shown to have some incredibly useful chemical applications.  

The complex consists of three bidentate ligands in an octahedral arrangement, and so the 

chelate effect (Section 2) as well as the high crystal field splitting energy of iridium (III) make 

this complex extremely stable, and so the cages that it is able to form have very high stability 

constants.  

If this complex reacts in acetonitrile solvent with 2-formylpyridine in the presence of cobalt 

(II) perchlorate (Co(ClO4)2) – chosen because it readily dissociates to release Co2+ ions - a 

coordination cage with a small inner phase is formed (Figure 50). The cage has a metal ratio 

(determined by X-ray crystallography) of Ir2Co3.  

Figure 49 The structure of the iridium (III) 
complexes with tris(4-pyridyl-methyl)-
cyclotriguaiacylene (Rota Martir & 
Zysman-Colman, 2010) 
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The cobalt (II) was required to build the cage structure because the tetrahedral geometry of 

cobalt (II) complexes provided a small bond angle, allowing a cage to form with a small inner 

phase; the iridium (III) complex, since it is made from bidentate ligands, would provide too 

shallow a bond angle and so too large a cage would form. Moreover, the cage is made even 

more stable by the 2-formylpyridine, which dimerises to form bridging ligands to link the 

transition metal centres. Having bridging ligands, by the chelate effect, ensures that the 

formation of the coordination cage is entropically favourable and that the cage has a high 

stability constant.  

This iridium-cobalt coordination cage has some very interesting chemical properties. The 

strong dipole-dipole interactions that can form between the transition metal centres and 

electronegative elements, such as oxygen, mean that, when the cage is formed in the 

presence of carbon dioxide (CO2), the oxidation of carbon dioxide to the carbonate anion 

(CO3
2-) is catalysed by the iridium (III) complex and the resulting carbonate anion is 

encapsulated in the cage that forms (Figure 51).  

Figure 50 A 3D representation of the iridium (III)/cobalt 
(II) coordination cage (Rota Martir & Zysman-Colman, 
2010) 

Figure 51 A carbonate anion encapsulated by the 
iridium (III)/ cobalt (II) coordination cage (Rota 
Martir & Zysman-Colman, 2010) 
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The same effect is also observed with sulphur dioxide (SO2), which is oxidised to the sulphite 

anion (SO3
2-) and encapsulated in the coordination cage (Figure 52). 

Oxidation reactions such as these are usually extremely difficult and require high 

temperatures and pressures – the usual way of making sulphite ions involves heating sulphur 

dioxide with sodium carbonate – and so the fact that the iridium (III)/cobalt (II) coordination 

cage allows these reactions to occur at room temperature is extremely exciting.  

What makes this effect even more remarkable is that the interaction between the transition 

metal centres and the CO3
2- and SO3

2-, made stronger by the small inner phase size, which 

reduces the distance over which these non-covalent interactions act, is so strong that 

encapsulation can even occur once the cage has been formed. Research by Martir and 

Zysman-Colman showed that when gaseous carbon and sulphur dioxides were pumped into 

an acetonitrile solution of the coordination cage, the emission spectrum for the sample 

changed – the peak intensity at 508 nm was quenched – indicating that encapsulation had 

occurred.  

This extremely high affinity that the coordination cage has for  CO2 and SO2 has led chemists 

to postulate that this cage might have an important potential use in the future of removing 

CO2 and SO2 from small scale systems. However, remarkably, this is not even the most exciting 

use of this coordination cage, Martir and Zysman-Colman also noted that it could be used as 

a photoactive homogenous catalyst. 

The trichloromethylation of 2-aylpyridines (Figure 53) is a reaction that irritated organic 

chemists for a long time. No matter which mechanism was attempted, the yield was not 

nearly as high as that of similar reactions.  

Figure 52 Sulphite anion encapsulated by the Iridium 
(III)/Cobalt (II) coordination cage (Rota Martir & Zysman-
Colman, 2010) 

Figure 53 The trichloromethylation of 2-aylpyridines (Rota Martir & Zysman-
Colman, 2010) 
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However, in 2010, it was noted that if the reaction was carried out in acetonitrile solvent and 

the presence of a 26W fluorescent lamp and the iridium-cobalt coordination cage shown in 

Figure 50, an extremely high yield was obtained (86-96%) (Rota Martir & Zysman-Colman, 

2010).  

The exact mechanism is unknown, however, since it only worked in the presence of a 26W 

fluorescent lamp or other light source, it is believed to involve the photoexcitation of the 

iridium (III) centres and then, when these centres collide with either reactant, this extra 

energy can be transferred to them to provide the activation energy required for the reaction. 

The cobalt (II) centres are also believed to play a part in the catalysis process. The close 

environment that the cage allows means that both of the catalytic transition metal centres 

are always close to each other in a rigid platform, increasing the effective reaction 

concentration within the immediate environment of the reactants, thus increasing the yield.  

The theory that the mechanism revolves around the photosensitisation of iridium (III) centres 

was further strengthened by the fact that this catalysis only works if the coordination cage is 

empty – because if there is a guest inside, the excited state on the iridium would be 

transferred to the guest rather than to the reactants (since a collision within a host-guest 

complex is much more likely to occur) and so the reactants would not receive any energetic 

benefit from the catalyst.  

Another problem that supramolecular cages helped to solve was the problem of observing 

cyclobutadiene (C4H4). Cyclobutadiene has extremely high ring strain - the intended bond 

angle for its sp2 hybridisation is 120°, but the actual bond angles in molecule are close to 90°. 

This high ring strain makes cyclobutadiene extremely chemically unstable, and so virtually as 

soon as it is produced, it dimerises in a Diels-Alder reaction, followed by isomerisation, to 

form the much more stable cyclooctatetraene (Figure 54). 

This chemical instability made it extremely difficult to analyse cyclobutadiene 

spectroscopically, and it required the use of argon matrix isolation techniques to finally isolate 

it. However, in the 1990s, Donald Cram proposed a much simpler method of isolating 

cyclobutadiene. If the cyclobutadiene were synthesised within a hemicarcerand  (by 

encapsulating the reactants used to synthesise it) at a low temperature – so that the 

cyclobutadiene molecules do not have enough energy to escape the cage – the 

hemicarcerand would prevent the entry of other cyclobutadiene molecules and so the 

unwanted dimerisation/isomerisation reaction would not be able to occur.  

Cram’s simple method was shown to be correct using 1H-NMR spectroscopy. When such 

spectroscopy was carried out on the proposed encapsulated cyclobutadiene, a sharp singlet 

Dimerisation Isomerisation 

Figure 54 The dimerisation/isomerisation reaction of cyclobutadiene (Ashenhurst, 2020) (Weininger, 2015) 
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was detected on the NMR spectrum at δH = 2.27 ppm. This exactly matched the δH value 

obtained for cyclobutadiene using the complicated argon matrix isolation method.  

This ground breaking discovery shows the unique ability of supramolecular cages to easily 

protect reactive or chemically unstable molecules, providing a unique way of analysing them. 

This ability to protect the guest molecules would also prove to be instrumental in the 

development of the drug delivery of chemically unstable drugs (Section 8). 

So clearly the chemical applications of supramolecular chemistry are incredibly important. 

The unique reaction environment that coordination cages make possible allows for a whole 

host of catalytic properties, making difficult reactions, such as the trichloromethylation of 2-

aylpyridines, much more viable. Furthermore, their ability to prevent unwanted collisions 

between reactants allows for notoriously unstable molecules, such as cyclobutadiene, once 

encapsulated, to be analysed spectroscopically – making them an invaluable tool in analytical 

chemistry.  
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Section 7: Applications of Supramolecular Cages to Molecular 

Sensors 

Molecular sensors present some of the most exciting and important applications of 

supramolecular cages, with such diverse applications as toxicology and counter-terrorism. But 

before looking into how supramolecular cages can be used to design molecular sensors, it is 

important to first get an idea of what actually constitutes a molecular sensor. 

A sensor is defined by John Zhang, a Professor at Dartmouth University and one of the leading 

experts in molecular sensors, as ‘An interface that receives and translates information across 

physical, chemical or biological domains’ (Zhang & Hoshino, 2014). Sensors detect a change 

in their surroundings and convert that change into a signal that can be detected. Molecular 

sensors, specifically, detect changes in chemical quantities at an extremely small scale, such 

as the presence of a certain toxic molecule, or the concentration of a particular metal ion.    

There are three stages in the mechanism of a molecular sensor: Capture and recognition, 

transduction, and measurement and analysis. Each of these is an integral component to the 

functionality of the sensor and constitutes a different stage in the sensing process. 

Capture and recognition, in its basic form, is the detection of the desired change. In molecular 

sensors, this is usually achieved by using a signal triggering molecule called a ligand (not to be 

confused with the ligands used in coordination cages). When the target molecule or ion binds 

to the ligand, a sensing effect is induced i.e. there is a physical or chemical change to the 

ligand. This physical or chemical change can then be converted into a signal by a transducer. 

There are a number of different ways to maximise the effectiveness of the capture and 

recognition process. One such way is selectivity – the change to the physical or chemical 

properties of the ligand only occurs when the target molecule binds to it. This is usually 

achieved by having a very specific binding site on the molecular sensor with complementary 

electronic structure to the target molecule so that only the target molecule binds strongly 

enough to the sensor to induce a sensing effect. Sensitivity is also important – a large sensing 

effect should be generated from few target molecules, meaning that a large, detectable signal 

can be produced by the transducer; as is dynamic range  - the sensing effect should not be 

saturated by a large number or high concentration of target molecules, allowing for accurate 

detection of high concentrations of the target molecule.  

Transduction is the conversion of the sensing effect into something that can be measured 

externally. There are a number of ways in which this can be achieved, from producing an 

electrical signal that can be detected using cyclic voltammetry, to emitting photons of a 

particular frequency, to causing a change in the UV spectroscopic properties of the sensor. 

The more sensitive the transducer, i.e. the larger the signal produced from the sensing effect, 

the easier the signal is to measure, and so the more effective the transducer.  

Measurement and analysis is the external interpretation of the signal from the transducer, 

converting the signal, such as a photon emission, into the desired quantity such as 

concentration of the target molecule. Computational analysis of the signal data and 



47 
 

quantitative analytical techniques such as UV spectroscopy and cyclic voltammetry are 

incredibly useful in ensuring the effectiveness of the measurement and analysis process. 

It may come as no surprise, but in fact the most complex molecular sensors known are those 

found in nature. Such biological molecular sensors are vastly more intricate and effective than 

any artificial sensors that have been made. One such example of a biological molecular sensor 

is the animal olfactory system – for which the discovery of its mechanism was awarded the 

2004 Nobel Prize in Physiology and Medicine. 

The animal olfactory system (Figure 55) governs an animal’s sense of smell and is a 

complicated network of over 1000 types molecular sensors (called receptors).  Each receptor 

has a different binding site, complementary in electronic structure to over 1000 common 

odorants (very small organic molecules less than 400 Da in size – usually small ketones and 

aromatic molecules). When such an odorant enters the nasal cavity it binds to the 

complementary receptor. Once it has done so, the chemical properties of the olfactory 

membrane in that area alter producing an electronic signal, which is transmitted via nerve 

cells to the brain, where the signal is interpreted and converted into the sensation commonly 

known as smell. 

The result of this sophisticated molecular sensing process is that the nose can detect more 

than 1000 different ‘smells’ and, since only one receptor needs to bind to an odorant to 

produce a signal, the olfactory system can detect extremely low concentrations of odorants. 

Whereas molecular sensors designed using supramolecular cages are nowhere near as 

sophisticated as the animal olfactory system, they nonetheless have a wide variety of 

different applications. Such molecular sensors based on supramolecular cages can be divided 

based on the signal that they produce: electrochemical and optical.  

Electrochemical molecular sensors are made by attaching a redox active group to the desired 

receptor. Such redox active groups include ferrocene, quinine and bipyridinium. 

Supramolecular cages provide the perfect role to act as the receptor because, only guests that 

can form sufficiently strong non-covalent interactions with the inner phase of the cage can be 

encapsulated, providing a much desired degree of selectivity to the molecular sensors. 

However, only coordination cages, cryptands, and to some extent hemicarcerands are 

applicable to molecular sensors, because the cage must have the ability to encapsulate the 

target molecules after assembly – cages such as carcerands, from which the guest cannot 

Figure 55 A diagram illustrating the function of molecular sensors in the animal 
olfactory system (Nobel Prize, 2004) 
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escape once the cage is assembled are useless because such cages would not allow the target 

molecule into the inner phase to be encapsulated.  

Furthermore, the binding process must be coupled to the redox active group – i.e. the 

encapsulation process must cause a change in the electrochemical properties of the redox 

active group. This can be achieved in four main ways. It is worth noting that a number of the 

examples used contain crown ethers as the binding site, which are macrocycles rather than 

supramolecular cages. This is because most of the supramolecular molecular sensors research 

has been directed towards crown ethers, however, crown ethers are very closely related to 

supramolecular cages, especially cryptands, so the same mechanisms can be applied to both. 

1.  Through space  

Once the target molecule has been encapsulated, there is an electrostatic attraction between 

the redox active group and the encapsulated target molecule. This alters the electron 

distribution around the redox active group and so alters its electrochemical properties (Figure 

56). 

2. Through bond 

If the receptor is connected to the redox active group by a conjugated linking group, such as 

an allyl or benzyl system, upon encapsulation, the electron distribution in the linking group 

can change, particularly if the encapsulated target molecule is an ion. This change in the 

electron distribution of the surrounding conjugated linking group alters the electrochemical 

properties of the redox active group (Figure 57). 

 

 

 

 

 

Figure 56 A diagram illustrating a through space interaction in 
a cryptand based electochemical molecular sensor (Beer, Gale, 
& Smith, 1999) 
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3. Direct coordination 

If the redox active groups are positioned close to the binding site of the target molecule, a 

coordinate bond can form between the target molecule and the redox active groups, 

dramatically changing their electrochemical properties (Figure 58). 

4. Conformational change 

In certain circumstances, particularly when bipyridinium is the redox active group, the 

encapsulation of the target molecule can cause a conformational perturbation of the redox 

centre, hugely altering its electrochemical properties. For example, when a Ba2+ ion is 

encapsulated in the molecular sensor in Figure 59, the bipyridinium group rotates, causing its 

electrochemical properties to change, which can then be detected. 

 

 

Figure 57 A diagram illustrating a through bond interaction in a crown ether based 
electrochemical molecular sensor (Beer, Gale, & Smith, 1999) 

Figure 58 A diagram illustrating a direct coordination interaction in a crown ether based 
electrochemical molecular sensor (Beer, Gale, & Smith, 1999) 
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But the question stands - how can this change in electrochemical activity of the redox active 

group be quantified and be converted into the desired quantity? Supramolecular chemists 

use an analytical technique used as cyclic voltammetry to quantify such changes. Cyclic 

voltammetry involves carrying out the reaction in an electrochemical cell and measuring the 

current produced at different potentials before and after the reaction. The result is a 

characteristic ‘duck-shaped’ graph known as a cyclic voltammogram (Figure 60). 

For electrochemical molecular sensors, a change in electrochemical properties of the redox 

active group will cause a change in the variation of current with voltage before and after the 

reaction, forming the desired cyclic voltammogram, and then, using a modified form of the 

Nernst Equation (Elgrishi & Rountree, 2017): 

Figure 59 A diagram illustrating conformational change in a crown 
ether based electrochemical molecular sensor (Beer, Gale, & Smith, 
1999) 

Figure 60 An example of a cyclic voltammogram, with its characteristic 'duck' 
shape (Elgrishi & Rountree, 2017) 
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𝐸 = 𝐸0 + 2.3026
𝑅𝑇

𝑛𝐹
log (

[𝑂𝑥]

[𝑅𝑒𝑑]
) 

Where, E is the standard potential of the species, 𝐸0 is the relative activity of the oxidised 

(Ox) and reduced (Red) species, R is the universal gas constant, T is temperature, n is the 

number of electrons and F is Faraday’s constant, the positions of the peaks can be predicted, 

making it possible to determine the concentrations of the target molecule that caused the 

change in electrochemical activity.  

A particularly useful example of an electrochemical molecular sensor based on a 

supramolecular cage is the cobalt (III) centred coordination cage in Figure 61, which is used 

in toxicology to detect the presence and concentration of Cl- ions. 

In the presence of Cl- ions, the cage encapsulates one of them; this changes the 

electrochemical properties of the redox active imidazolium ligands - something that can be 

detected using cyclic voltammetry (Figure 62) and thereby used to measure the exact 

concentration of Cl-.  

Figure 61 The structure of the cobalt (III) 
coordination cage used as a molecular sensor 
for Cl- ions (Amendola, Boiocchi, & Fabbrizzi, 
2008) 
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For optical molecular sensors, the binding site is combined with a fluorophore – a group that 

emits light upon excitation – rather than a redox active group. The coupling between the 

binding site and the fluorophore upon encapsulation leads to a measurable emission of 

photons. This photon emission makes optical molecular sensors extremely useful, because 

photon emissions are easy to detect, even at very low concentrations, which makes these 

sensors incredibly sensitive. 

An example of such a molecular sensor is shown in Figure 63. When the Na+ ion guest forms 

a host-guest complex with the crown ether binding site, the charge on the Na+ ion alters the 

electric charge experienced by the fluorophore groups. This changes the wavelength and 

intensity of the sensor’s fluorescence, both of which can be detected and used to quantify 

the concentration of Na+ ions. 

Figure 63 A crown ether based 
optical molecular sensor used to 
detect Na+ ions (Beer, Gale, & 
Smith, 1999) 

Figure 62 A cyclic voltammogram showing the variation in 
redox activity of the cobalt (III) coordination cage as the 
equivalent concentration of Cl- increases (Amendola, 
Boiocchi, & Fabbrizzi, 2008) 
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This molecular sensor is commonly used to monitor physiological levels of Na+ ions. It is 

popular for this purpose because its esterified form is sufficiently water soluble that it can 

pass through cell membranes, and so can measure Na+ ion concentration within cells. 

However, one of the most exciting and interesting uses of optical molecular sensors is in fact 

in counter-terrorism. Molecular sensors based on amine supramolecular cages can be used 

to detect the presence of explosives such as picric acid (Figure 64). 

The amine supramolecular cage has three ligands in a triangular arrangement with a 

complementary electronic character and perfect orientation to encapsulate picric acid. As a 

result, picric acid binds very strongly and exclusively to this supramolecular cage. The ligands 

contain triphenylamine groups, which are strongly fluorescent, and so, upon binding of picric 

acid, the coupling between the picric acid and the triphenylamine groups causes the 

fluorescence to occur at a lower intensity and longer wavelength in a process called 

fluorescent quenching. These changes to the fluorescence can then be detected to show the 

presence of picric acid.  

It turns out that there are two mechanisms that are happening at the same time with the 

same results that cause this fluorescent quenching – energy transfer and electron transfer.  

In the energy transfer mechanism, a real or virtual photon is transferred from a fluorescent 

triphenylamine group to the picric acid, causing the promotion of an electron from picric 

acid’s HOMO (highest occupied molecular orbital) to its LUMO (lowest unoccupied molecular 

orbital) in a so called Forster Resonance Energy Transfer (Figure 65). 

Figure 64 A 3D representation of the amine supramolecular cage based 
optical molecular sensor (Zwijnenburg, Berardo, Peveler, & Jelfs, 2016) 

Figure 65 A diagram illustrating Forster Resonance Energy Transfer (Zwijnenburg, 
Berardo, Peveler, & Jelfs, 2016) 
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This means that the picric acid is in an excited state rather than the triphenylamine groups, 

and so the picric acid emits a photon rather than the triphenylamine groups. Picric acid, due 

to its chemical structure, emits a photon with a much longer wavelength than the 

triphenylamine groups, hence an increase in wavelength is detected upon encapsulation of 

picric acid.  

In the electron transfer mechanism, an electron is transferred via Photoinduced Electron 

Transfer (Figure 66) from a triphenylamine group to the picric acid - the triphenylamine group 

essentially reduces the picric acid. This means that the excited state of the triphenylamine 

group is converted into a charge separated state with excess electron density on the picric 

acid. Therefore, the triphenylamine group cannot emit a photon without significant thermal 

activation – so fluorescence from the triphenylamine groups stops. 

The combination of these effects means that only the photons produced from the picric acid 

are emitted (explaining the change in wavelength observed) and the intensity decreases 

because the triphenylamine groups are no longer fluorescing. 

This remarkable technology is in its early stages, but still provides an exciting step in the fight 

against terrorism. In fact, it has also been shown that, by replacing the secondary amines with 

tertiary amines in the cage structure, it is possible to make the binding sites of the cage able 

to produce the same effect with other common explosives that are similar in structure to 

picric acid, such as TNT.  

Supramolecular cages provide a whole host of new, exciting opportunities when they are 

applied to molecular sensor technologies. This is a still-emerging field, and yet has already 

yielded some extremely important discoveries. There seems to be a bright future for 

supramolecular cages in the field of molecular sensors.  

 

  

Figure 66 A diagram illustrating Photoinduced Electron Transfer (Zwijnenburg, Berardo, 
Peveler, & Jelfs, 2016) 
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Section 8: Application of Supramolecular Cages to Drug 

Delivery  

Safe, efficient drug delivery is one of the holy grails of pharmacology. If drug delivery systems 

could be designed that only released the drug in the desired cells, or protected chemically 

unstable drugs from metabolism, the benefits to patients would be enormous. Although it is 

still a rapidly emerging field, it is believed that, by using supramolecular cages in drug delivery, 

both of these outcomes, as well as many more, are possible. In fact, it already seems like 

supramolecular cages have revolutionised drug delivery by making targeted delivery possible. 

Targeted drug delivery is when, although the drug may be taken orally or injected into a vein, 

the drug lies dormant and does not affect anything until it reaches the intended cells. This 

may seem impossible, but supramolecular cages allow a way to achieve this impossible task. 

If the drug is encapsulated in a supramolecular cage that contains a release mechanism (such 

as those described in Section 5), whilst the release mechanism is not triggered, the drug is 

protected from other molecules that could react with it and deactivate it, and the drug cannot 

escape the supramolecular cage, meaning that it cannot affect any unintended areas. 

However, once the encapsulated drug reaches the intended cells, the release mechanism is 

triggered, causing the cage to open and the drug to be released. This ensures that the drug 

can only affect the intended cells.  

This use of supramolecular cages for targeted delivery provides an incredibly effective 

solution to three of the biggest problems faced by drug delivery mechanisms: cross-reactivity, 

metabolism and unintended cell death. 

Cross-reactivity refers to the biological phenomenon by which molecules with similar 

structures to known antigens can trigger an immune response. The antibodies that are 

complementary to the antigen are always present in the bloodstream, so when the molecule 

with a similar chemical structure enters the blood stream, the antibodies can bind to that 

molecule. This binding process triggers an immune response, which may be as mild as a 

slightly heightened temperature, but could be as serious as anaphylaxis, which can often be 

fatal. This poses problems with a number of medications. For example, patients who have 

sulphite allergies have been shown to have a serious, and often deadly, immune response 

when administered the drugs sulphasalazine (a prostaglandin inhibitor used to treat 

rheumatoid arthritis) or sulphamethoxazole (an antibiotic used to treat urinary tract 

infections and E.coli) due to the structural similarities between the sulphite ion and the 

sulphonyl groups on the two drugs (Figure 67). 

 Figure 67 The structures of (left to right): sulphasalazine, sulphamethoxazole and the sulphite anion (Pfizer, 2020), 
(Catclock, 2013), (Neurotiker, 2008) 



56 
 

In a non-pharmaceutical context, the similarities in the hevein protein structures in latex and 

bananas mean that cross-reactivity can occur, meaning that many people who suffer from a 

latex allergy also suffer an allergic reaction to bananas.  

The targeted delivery made possible by supramolecular cages would solve the issue of cross-

reactivity. In the case of sulphasalazine, if the drug were encapsulated in a supramolecular 

cage before being administered, it would no longer be able to bind with the sulphite 

antibodies while in the bloodstream and so no immune response would occur. Once the 

encapsulated sulphasalazine had passed into the desired cells, the release mechanisms could 

be triggered, releasing the sulphasalazine, causing the intended prostaglandin inhibiting 

effects without an immune response.  

Some drugs are particularly sensitive to metabolism - the biological process of breaking down 

large molecules that occurs predominately in the liver. Moreover, for some drugs, metabolism 

can have some extremely deadly and sometimes fatal consequences. An example of such a 

drug is the anti-inflammatory drug tienilic acid (Figure 68), which can be used to treat 

hypertension. 

Tienilic acid was withdrawn by SmithKilne, its manufacturer after only three years of being on 

the market, due to the discovery that once metabolised, the drug transformed into powerful 

toxins, killing many of the patients who were prescribed the drug. The situation was so severe 

that criminal charges were brought against SmithKline for misbranding and hiding data 

related to the toxicity of the drug. So, what exactly was the problem with tienilic acid?  

When tienilic acid is administered, it enters the blood stream and passes through the liver. 

Most drugs are unaffected by the liver and simply pass through on their way to their target 

cells, however, tienilic acid is metabolised by the liver and converted to a thiophene-S-oxide 

intermediate (Figure 69). This intermediate is extremely toxic because it can bind to, and 

thereby alter the structure of, hepatocellular proteins, causing extensive cell death within the 

liver – something which can often prove to be fatal. 

 

Figure 68 The structure of tienilic acid (Sigma Aldrich, 2020) 
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Supramolecular cages could prevent a tragedy like that caused by tienilic acid from ever 

happening again because, if the drug were encapsulated in a supramolecular cage, it would 

not be able to be metabolised as it passes through the liver – providing the structure of the 

cage itself was stable enough not to be metabolised, and so it would pass to the target cells 

in its desired form, where the release mechanism could be triggered, releasing the drug into 

the cell, allowing the drug to safely cause the desired effects to the intended cells.  

Unintended cell death is a large problem with chemotherapy drugs. Many chemotherapy 

drugs such as fluorouracil (see Section 9) work by altering the DNA of the cancerous cells, and 

in doing so, change the protein production in the cell, which causes the cell to die. However, 

this mechanism does not work solely on cancerous cells – normal, healthy cells also contain 

DNA and so are affected too and are also killed by the chemotherapy drug. This means that 

many chemotherapy treatments cause a number of adverse effects as well as treating the 

cancer – and in many cases do more harm than good. Supramolecular cages, and the targeted 

release that they allow, could rectify this problem and help to make chemotherapy 

treatments much safer and more viable. 

Cisplatin (Pt(NH3)2Cl2), a square planar platinum complex, is such a chemotherapy drug that 

would benefit from encapsulation in a supramolecular cage. At the moment, cisplatin is used 

to treat a whole variety of different cancers, including ovarian, cervical, and oesophageal. 

However, cisplatin is known to cause many serious side effects due to unintended cell death 

such as nephrotoxicity and neurotoxicity, which in many cases can prove fatal. Woods and 

Wenzel in 2019 designed a palladium centred coordination cage, using conjugated bidentate 

bipyridyl ligands, that is capable of encapsulating cisplatin (Figure 70). 

 

 

 

 

Figure 69 The structure of 
thiophene-S-oxide 
(Thiemann, 2018) 

https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.intechopen.com%2Fbooks%2Fchalcogen-chemistry%2Fthiophene-s-oxides&psig=AOvVaw2YPUvczat8RW7DN0GZTb-p&ust=1593353542499000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCNDz8dOWouoCFQAAAAAdAAAAABAD
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The hydrophobic interior of the cage means that the hydrophobic effect (Section 4) could be 

used to increase the change in entropy for the encapsulation process, and so increase the 

stability constant of the host-guest complex formed. Encapsulation of cisplatin in a cage like 

this would mean that cisplatin would remain inactive until it reached the intended cancerous 

cells, where a highly localised trigger for the release mechanism, such as two photon 

excitation (Section 5) or using so called DNA aptamer locks that only open and release the 

drug in the presence of the mutated DNA, would cause the release of the cisplatin inside only 

the cancerous cells – ensuring the death of cancerous cells without harming healthy ones. 

Clearly such targeted release technology that supramolecular cages allow would revolutionise 

the chemotherapy process.  

However, targeted delivery is not the only benefit of using supramolecular cages in drug 

delivery. Supramolecular cages can also be used to vastly increase the water solubility of 

drugs. Water solubility is a crucial property for drugs – if drugs are not water soluble, they 

cannot pass through the cell membrane and access the cell interior, and so are unlikely to 

work - yet 40% of approved drugs are poorly water soluble (Kalepu & Nekkanti, 2015) and so 

remain virtually unusable.  

If, however, the drug is encapsulated in a water soluble supramolecular cage, such as the iron 

(II) based coordination cage in Figure 71 developed by Nitschke in 2017, suddenly these drugs 

are able to access the cell interior by waiting for the encapsulated form to enter the desired 

cells, and then triggering the release mechanism to release the drug. This application of water 

soluble supramolecular cages would allow thousands of previously unusable drugs to be used, 

which would have a vast positive benefit for medical care.  

 

 

 

 

Figure 70 The structure of the coordination cage capable of 
encapsulating cisplatin designed by Woods and Wenzel 
(Woods, et al., 2019) 
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An example of a drug that such encapsulation with water soluble supramolecular cages would 

hugely impact is the antibiotic ciproflaxin, used to treat typhoid fever and bacterial respiratory 

tract infections (Figure 72). 

Apart from the one carboxylic acid group, the rest of the ciproflaxin molecule is very 

hydrophobic and so it has incredibly low solubility in water. At the moment, ciproflaxin’s 

solubility is improved by using lactic acid as a pH modifier when it is administered. However, 

lactic acid is toxic – it is the unwanted by-product of anaerobic respiration – and so can cause 

cell death and other adverse effects. Encapsulating ciproflaxin in a water soluble 

supramolecular cage, such as that in Figure 71, would allow for safer, more effective delivery 

of the drug and hugely benefit the patients that are prescribed it.  

It is clear that supramolecular cages have a phenomenal positive impact on drug delivery. 

Whilst many of these technologies are not available for clinical trials yet – there are various 

kinks in solubility and release mechanisms that still need to be worked out. It does not seem 

like it will be long until supramolecular cages become a regular addition to the administration 

of a whole variety of drugs. 

 

Figure 72 The structure of ciproflaxin (Fvasconcellos, 2008) 

Figure 71 The structure of a water soluble iron (II) 
centred coordination cage, with an encapsulated P4 
molecule, designed by Nitschke (Georges, 2017) 
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Section 9: Designing a New Supramolecular Cage to Solve the 

Issues of Fluorouracil as a Chemotherapy Drug 

Now that I had researched the many different facets of supramolecular cages and their 

applications, I thought that it would be a good idea to use the information that I had obtained 

and apply it to solve a real world problem.  

I wanted the problem that I would provide a solution for to be one that would have a large 

positive impact on society if it were solved. So, it seemed like a natural progression to decide 

to solve a problem concerning drug delivery - in particular the delivery of chemotherapy drugs 

– because if safe, targeted delivery of chemotherapy drugs could be obtained, it would hugely 

benefit countless cancer patients across the globe.  

When considering which chemotherapy drug to design a supramolecular cage for, there were 

a number of criteria that the chosen drug would have to fulfil: 

• The drug must have a relatively simple chemical structure. 

• The drug must have the ability to form strong non-covalent interactions to counteract 

the often entropic unfavourability of encapsulation. 

Both of these aspects were important due to the limited time frame available for the design, 

as they both reduce the complexity of the cage required to encapsulate the drug.  

In addition: 

• The drug must have a high potential, but have large downfalls at the moment, which 

mean that its current use is limited.  

This is particularly important because the chosen drug must actually be one that would 

benefit from encapsulation – if it were a drug that works perfectly fine without encapsulation, 

such as paracetamol or ibuprofen, there would be no point in encapsulating it.  

In my search to find a chemotherapy drug that satisfied all of these criteria, fluorouracil in 

particular stood out (Figure 73).  

Figure 73 The chemical structure of 
fluorouracil (Sigma Aldrich, 2020) 
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Fluorouracil was a perfect drug to be considered for a number of different reasons. Since it 

was first patented in 1956, fluorouracil has been used as a chemotherapy drug to treat a 

number of different cancers, such as pancreatic, colorectal and stomach. However, it is now 

only used in very extreme circumstances, despite being incredibly effective at cancer 

treatment. This is due to a particularly sinister side effect; fluorouracil, as well as killing the 

intended cancer cells also kills cells in the cerebellum (the area of the brain that controls 

balance, coordination and speech). Patients who have been administered fluorouracil have 

been shown to have an extremely high risk of developing such debilitating conditions as acute 

cerebellar syndrome, ataxia, nystagmus and dysmetria.  

This means that fluorouracil would greatly benefit from encapsulation, and the targeted 

release that it would allow. If the cage has a suitable release mechanism, the fluorouracil 

molecules would only be released once inside the target cells and would remain inactive in 

all other parts of the body. This means that the damage to the cerebellum would not occur, 

and so fluorouracil would be able to be used much more extensively – no longer being limited 

to solely extreme cases.  

Furthermore, some properties of fluorouracil’s structure make it a perfect drug to be 

encapsulated. All of the five substituents on the heterocyclic ring can take part in hydrogen 

bonding, the strongest of the commonly used non-covalent interactions and, in addition, in 

the pseudo-chair conformer that is most energetically favourable for the molecule to adopt, 

the fluorine and nitrogen atoms are in the same plane. This is very important because it means 

that, despite the directionality of hydrogen bonds, a receptor could be designed inside the 

cage that could allow three strong non-covalent interactions to occur simultaneously. Both 

the fact that fluorouracil can form hydrogen bonds, and the fact that its conformation allows 

for multiple strong non-covalent interactions to be formed at the same time means that, with 

a precisely designed receptor, a cage could be designed for fluorouracil that would release a 

large amount of energy upon encapsulation, thereby increasing the stability constant for the 

interaction and making the host-guest complex more likely to form.  

However, the problem with fluorine in a design such as this one is that the non-covalent 

interaction that it undergoes varies depending on the fluorine atom’s environment. When 

there is low electron density, there is an insufficiently large negative dipole on the fluorine 

atom to undergo hydrogen bonding, so instead it undergoes an orthogonal multipolar 

Figure 74 The 3D structure of 
fluorouracil (Science Photo, 2020) 
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interaction (Figure 75). Conversely, when there is a high electron density around the fluorine 

atom, it can form a hydrogen bond in the usual tetrahedral geometry (Figure 75). Since these 

two interactions have completely different molecular geometries, before designing a 

receptor, it was important to determine which interaction would take place in fluorouracil. 

To do this, 19F-NMR was used.  

The principle behind using 19F-NMR is that, if there is a low electron density around the 

fluorine atom, there will be a smaller opposing magnetic field generated by the fluorine atom, 

and so the corresponding peak will be at a high chemical shift, and the inverse is true when 

there is a high electron density around the fluorine atom. Therefore, 19F-NMR provides a good 

indicator of the electron density around fluorine atoms, and hence the form of non-covalent 

interaction that they are likely to undergo. The 19F-NMR spectrum for fluorouracil (Figure 76) 

shows one sharp peak at -171ppm. This is quite a low chemical shift for a 19F-NMR spectrum, 

and so indicates that there is a high electron density around the fluorine atom in fluorouracil, 

and so it will participate in hydrogen bonding rather than an orthogonal multipolar 

interaction. 

Figure 75 Diagrams showing fluorine atoms participating in a multipolar interaction 
(left) and hydrogen bonding (right) (Vulpetti, 2013) (Jobilize , 2020) 

Figure 76 19F-NMR spectrum for fluorouracil (Robins, 1976) 



63 
 

Now that the guest had been chosen and its non-covalent interactions determined, it was 

possible to design a receptor that would be able to bind to the guest. The receptor in the cage 

that I designed consists of three imine groups that form an equilateral triangle and are all in 

the same horizontal plane. 

The position of the imine groups maximises the number of strong non-covalent interactions 

experienced by the fluorouracil molecule – the N-H groups will form hydrogen bonds with the 

lone pairs on two of the imine groups, and the fluorine atom will form a hydrogen bond with 

the hydrogen atom on the other imine group. Since all three hydrogen bonds act with the 

same directionality, a planar configuration of imine groups in the receptor would allow for all 

three interactions to occur simultaneously, greatly increasing the energy released upon 

encapsulation. 

Furthermore, there is going to be a repulsion between the carbonyl groups on the fluorouracil 

molecule and the imine groups in the receptor, so this will make it very energetically 

unfavourable for the fluorouracil molecules to deviate from the desired arrangement 

because, not only will it mean weakening the interactions between the molecule and the 

receptor, but it will also increase the repulsion between the receptor and the molecule. 

Therefore, the combination of these two effects ensures that the lowest energy 

configuration, and so the configuration in which the system will spend the majority of its time, 

in is the desired configuration with three strong hydrogen bonds between the fluorouracil 

molecule and the cage.  

Now that the receptor had been designed, it was now necessary to look at the most effective 

cage design. Straight away it was concluded that having only three edges to the cage at any 

vertex would be optimal – any more than three would either move the imine groups of the 

receptor away from their optimal triangular arrangement or increase the repulsion between 

the carbonyl groups of fluorouracil and the cage, thereby making the desired configuration 

less stable and so lowering the stability constant for the host-guest complex.  

When determining the best type such a cage to use, a tetrahedral coordination cage first came 

to mind, such as Figure 77, because this is a geometry that is easy to obtain using the 

tetrahedral geometry of transition metal atoms that form complexes with a coordination 

number of 4 such as iron (II).  

Figure 77 A tetrahedral coordination cage 
based on iron (II) centres (Nitschke & Clegg, 
2013)  
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However, when considering the geometry of the imine groups of the receptor within such a 

cage, it became abundantly clear that a tetrahedral geometry would not be suitable. Due to 

the angle of slope of the edges in a tetrahedron if each imine group is positioned on one of 

the edges, they will no longer be coplanar, but instead all point towards a common point on 

the base of the tetrahedron. If the imine groups are no longer coplanar, it means that a 

fluorouracil molecule will no longer be able to form three simultaneous strong hydrogen 

bonds, and so the energy released upon encapsulation will be reduced, so the stability 

constant for the host-guest complex will be much lower. 

The only feasible way to counteract this problem would be to use a hexagonal aromatic ring 

to counteract the slope of the tetrahedron’s sides, but imine groups cannot bond to most 

aromatic rings without breaking the aromaticity and therefore distorting the configuration. 

As a result, it was decided that a tetrahedral cage would not be the way to go, so instead it 

was necessary to look for a three edged cage in which the edges were parallel so that the 

desired coplanar configuration of the imine groups in the receptor could be obtained. Since 

this would likely require a more unconventional molecular geometry, it was deemed a good 

idea to narrow the search and focus on coordination cages – the more diverse geometry 

around transition metal centres seemed more likely to be able yield the desired configuration 

(as laid out in Section 3).  

In the end, the desired geometry was found by using an interesting property of molybdenum. 

Molybdenum has a coordination number of 6, which would normally lead to an octahedral 

geometry, however, for certain σ-donor ligands such as -CH3, it turns out that, if the high 

energy t1u molecular orbital rehybridises into an a’’2 and an e’ molecular orbital, a lower 

energy and therefore more stable configuration is obtained. This rehybridization changes the 

point group from Oh to Dgh, which changes the geometry around the molybdenum atom from 

octahedral to trigonal prismatic. If three bidentate ligands (such as dithiolene derivatives) are 

then bound to this trigonal prismatic molybdenum atom, the end result is three parallel 

ligands in the desired triangular arrangement that are parallel to each other (Figure 78).  

By the chelate effect, using bidentate ligands around the molybdenum centre makes the 

formation of the cage much more entropically favourable, and so the desired cage will be 

much easier to assemble.  

Figure 78 A trigonal prismatic molybdenum-dithiolene 
complex (Sigma Aldrich, 2020) 
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Moreover, if the ligands are used to bridge two molybdenum centres together (in an M2L3 

cage) not only will the entropic favourability of bridging ligands aid the assembly, but the fact 

that both centres have a trigonal prismatic geometry will ensure that the that the desired 

receptor geometry (coplanar imine groups in a triangular arrangement) can easily be achieved 

in the final cage design.  

Molybdenum, unlike some transition metals, is safe to use in the body because it is non-toxic. 

In fact, molybdenum is vital for the production of four important enzymes: sulphite oxidase, 

which oxidises sulphites to sulphates; aldehyde oxidase, which oxidises aldehydes to 

carboxylic acids; xanthine oxidase, which oxidises hypoxanthine to xanthine, and 

mitochondrial amidoxime reducing component (mARC), which reduces hydroxylated 

compounds. 

With the basic cage design decided, it was now necessary to consider the choice of ligands in 

more depth. There are two elements that had to be included in the final ligand design. First, 

the ligands had to be identical and symmetrical – otherwise different isomers of the cage 

would form; secondly, the ligands must have a dithiolene group at each end to bind to the 

molybdenum centre.  

However, since molybdenum does not have any special optical properties, the key to the 

release mechanism must lie in the ligands. Since targeted release is key for the function of 

this supramolecular cage, it was concluded that photorelease would be the most appropriate 

release mechanism, because the high directionality and tissue penetrating ability of two 

photon excitation would allow for precise release inside specific cells in the body. In 

particular, one type of photo-induced bond cleavage reaction studied by Fang (Section 5) 

stood out as being a particularly interesting example to be considered.  

The reaction shows that, when a ligand containing a nitrophenyl ether functional group is 

irradiated by low intensity 330nm UV light in the presence of water, the oxygen-carbon bond 

closest to the nitrophenyl group is cleaved in a photo-induced oxidative cleavage/oxidation 

reaction and the cage opens (see Figure 46 Section 5), allowing the guest to escape. This 

reaction would be easily applicable to a cell environment due to the high water concentration 

inside the cell. Moreover, what makes this reaction particularly useful in the context of this 

supramolecular cage is the fact that the intensity of UV required to induce bond cleavage is 

extremely low – in fact, ordinary sunlight can induce the photochemical reaction. This means 

that any cell damage caused by the UV light would be greatly limited.  

Two photon excitation, even though it has a far greater penetrating power than any other 

ultraviolet source, can still only penetrate 1mm of skin. Therefore, if this type of mechanism 

were to be applied to cancer therapy, it would require a precise surgical insertion of the UV 

source into the region of cancerous cells, and would be limited to relatively small areas of 

cancerous tissue. 
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Therefore, my final design for the ligand draws from this nitrophenyl ether photochemical 

reaction and incorporates it, along with the other necessary elements (Figure 79). Only one 

ligand needs to cleave for successful release to occur, so the fact that all three ligands contain 

a nitrophenyl ether group triples the probability that the fluorouracil molecule will be 

successfully released.  

Figure 79 The structure of the bidentate chelating ligand that I designed for the supramolecular cage 

Importantly, to conserve symmetry, each ligand has two imine groups, meaning that each 

cage has the capability of encapsulating two fluorouracil molecules at any one time. The 

billiard ball effect described in Section 2 is unlikely to occur because the strength of the non-

covalent interactions at each receptor will restrict the movement of each fluorouracil 

molecule, making a high energy collision unlikely. Therefore, when calculating the stability 

constant for this cage, it would be necessary to use the exact formula derived in Section 1 and 

take the sum from n=1 to n=2. Furthermore, the complementary electronic nature of the 

receptor to fluorouracil means that the strong non-covalent interactions between fluorouracil 

and the imine groups on the ligands could help to template the assembly of the cage – making 

the assembly process much more viable.  

The final element of the cage design to consider is solubility. In order for the cage to pass into 

cells and achieve its function, it is paramount that it is soluble in water. Therefore, to rectify 

this issue, short polyethylene glycol (PEGshort) groups were bonded to each dithiolene group. 

PEGshort groups are extremely hydrophilic, and so should easily solvate the cage.  

Now a design had been finalised for the cage to encapsulate fluorouracil (Figure 80). The 

mechanism for the drug delivery would occur in the following way: The cage would be 

assembled in the presence of a high concentration of fluorouracil, and the fluorouracil 

molecules will be encapsulated as the cage is assembled. The encapsulated fluorouracil would 

then be administered into the body where it would pass through the cell membranes (due to 

the cage’s water solubility) into cells, including the cancerous cells. Directed two photon 

excitation would precisely target low intensity UV light to the cancerous cells, so the only 

cages to open would be the ones in the cancerous cells. Therefore, only the desired, 

cancerous cells would be killed by the fluorouracil. All of the other non-released cages would 

simply be excreted from the body over time and remain unopened, so no healthy cells would 

be harmed. 

 

NH 
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Supramolecular cages are clearly going to be hugely important in the development of safe, 

effective chemotherapy drugs. Whilst the supramolecular cage that I designed is far from a 

complete solution to the problem – there will doubtless be a whole host of problems in the 

assembly process that would have to be overcome – the design is the first step in the journey 

towards a successful end result. Who knows – maybe in the future, molybdenum coordination 

cages may become important in drug delivery of chemotherapy drugs, or maybe there is a 

new breakthrough just beyond the horizon that will be discovered in years to come?  

  

  

Figure 80 The 3D representation and structure of my final cage design with a fluorouracil molecule encapsulated 
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