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Abstract 

 

This thesis begins with the background literature which encompasses this piece of 

research. This includes a summary of supramolecular assemblies of fluorescent 

sensors, colorimetric assays, and molecular machines and switches. 

In Chapter 2, indicator displacement assays involving boronic acid receptors are 

examined in detail. Specifically discussing the generation of the first known optical 

approach to Z/E alkene differentiation, which may be carried out in a high-

throughput screening fashion. 

Switchable cyclophane [2+2]-hosts are presented in Chapter 3, which respond to 

redox stimuli by a change in geometry. These hosts are compared to related 

structures to examine structure-binding relationships with a range of guests. 

The overall conclusions of the work presented are included in Chapter 4, along with 

some suggestions for possible future work.  

Finally, experimental procedures are provided in Chapter 5 for reference. 
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Chapter 1: Introduction 

1.1. Prologue 

In the 18th century Bunsen, Talbot and Kirchhoff introduced the technique of 

spectroscopy, analysing emission spectra of multitudes of elements from their flames1. 

Later Bohr would explain these phenomena were due to electron promotion to discrete 

energy levels,  causing the electron to fall back down to ground state releasing energy 

in the form of light. These scientists demonstrated how light can act as a translator 

between us and the molecular world. Even today we use flame tests in schools to show 

visually what electronic changes are occurring within common metal ions. 

Inspired by communication between us macro-sized humans and chemistry on a 

nanometre scale de Silva & de Silva demonstrated the use of fluorescent molecular 

sensors to detect simple ions like Na+ and K+ on the basis of photoinduced electron 

transfer (PET)2. This principle is appealing as it requires no specialist equipment, only 

the light from the fluorescent sensor reaching our eyes. Perhaps for this reason sensors 

like this have now been developed across the world3 and have allowed technologies 

such as OPTI and VETSTAT point-of-care blood gas analysers to be created4,5. 

We have become used to the term sensor being associated with electronic semi-

conductor-based technologies however, molecules can be employed to carry out the 

same functions and for some applications the latter have a range of advantages. 

Molecular sensors are much smaller than computer chips currently available, typically 

around 1 nm in length6. Although silicon chips are approaching this size-scale, they 

need attendant wires or antennas which are in the millimetre range. For example, 

radiofrequency identification (RFID) tags used for tracking objects like passports are 

too big to attach to micrometre sized objects. In this case molecular computational 

identification (MCID) tags can be employed, attached to beads6, and visualised with 

optical fibres7 allowing nano/micrometric objects to be tagged. Their bio-compatibility 

as well as their size allows them to be inserted within cells and report back on cellular 

behaviour8, providing us with information on how some vital biological processes 

occur. 

The field of molecular sensing has itself been influenced by computer science, 

producing an area of study named molecular logic-based computation. Simple logic 
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gates can be constructed for example an AND gate9. In this chemical alternative, atoms 

form the input signals and light forms the output signal. Modulation of output light 

signal allows a Boolean language of 0 (no fluorescence) and 1 (fluorescence) to be 

inferred. Here the benefit over traditional computer science, besides those mentioned 

beforehand is the ability to easily customise and adjust the molecular logic 

components; chemical inputs, fluorophore subunits giving different coloured 

fluorescent outputs and their logic gate function (YES, NOT, PASS 1, AND etc.) 

providing multi-analyte sensing. 

Ultimately the research presented in this thesis would be described as supramolecular 

chemistry, describing the non-covalent interaction between host and guest. Cram, 

Lehn, and Pedersen earned the title of creators of the field by trying to mimic host-

guest interactions from living things, this contribution won them the Nobel prize in 

198710-12. The non-covalent interactions which govern supramolecular chemistry 

include, but are not limited to; electrostatic, H-bonding, donor-acceptor, and van der 

Waals  interactions,  as well as metal ion coordination and hydrophobic forces13. It is 

the goal of the supramolecular chemist to produce a synthetic complementary pair or 

group of structures, which when combined will spontaneously seek each other in 

solution and will form a complex or assembly using these non-covalent interactions. 

These studies give us an insight into different modes of binding and interaction, and 

also how biological systems, for example processes within our own bodies operate. 

 

1.2. Fluorescent Sensing 

Sensing is our way of perceiving the world around us however, it is useful to employ 

molecules to sense their environment to experience what life is like on the nanoscale. 

Fluorescent molecules provide ideal signalling compounds as we can see their effects 

with our eyes14,15, however, to create a language between us two, a modulation of 

signal must occur.  The presence of an analyte is signalled by either fluorescence 

switching “on” or “off”. Figure 1.1 shows the electronic transitions that occur within 

the fluorophore which allow the signal to be switched. Firstly, the fluorophore is 

excited by radiation, promoting one electron from the HOMO (highest occupied 

molecular orbital) to the LUMO (lowest unoccupied molecular orbital). The electron 

must eventually fall back to the LUMO to minimize its energy. Such a transition, when 
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examined from the viewpoint of energy states, is an effort to occupy its lowest lying 

energy state however, it can do so via radiative or non-radiative processes, of which 

there are many.  Non-radiative processes include quenching, where the vacancy in the 

HOMO is filled by a donated electron, this can be sourced from other molecules in 

solution as shown in Figure 1.1. Vibrational decay is another non-radiative decay 

process, commonly vibrations of solvent molecules can couple with molecular 

vibrations causing the molecule to expend its excess energy and, in this manner, the 

excited electron can fall back to ground state.   In both these examples the promoted 

electron in the LUMO is unable to jump back to the HOMO in a radiative transition, 

fluorescence is quenched, and the fluorophore is switched “off”. In the situation where 

there are no favourable non-radiative decay pathways, the promoted electron in the 

LUMO is forced to fall back down to the HOMO, losing its excess energy in the form 

of fluorescence and producing an “on” signal. 

 

Figure 1.1- The electronic transitions responsible for switching a fluorophore “on” or “off”.  

 

1.2.1. Supramolecular Assemblies of Fluorophore and Receptor 

In addition to the fluorophore signalling unit, a molecular sensor must also consist of 

a receptor to bind the chosen analyte. Once the analyte is captured the receptor must 

instruct the fluorophore to switch its signal and this communication is dependent on 

how they associate with each other. This dynamic communication between assembled 

synthetic structures may be described as a supramolecular interaction16. Figure 1.2 

below depicts examples of sensor configurations and the five arrangements of the 

fluorophore-receptor subunits which have previously been noted in the literature17,18. 
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Figure 1.2 – The scale of increasing association between fluorophore and receptor subunits. 

 

The first configuration (I) is referred to as an intermolecular system. Fluorophore and 

receptor have little contact and rely on diffusion alone to allow communication 

between the two. As the fluorescent sensing device relies on a mechanism of 

communication between receptor and fluorophore, this option usually provides a 

starting point rather than a generally viable sensing configuration.  

Increasing the fluorophore and receptor’s affinity for each other produces a pseudo-

intramolecular configuration (II). Non-covalent interactions, for example electrostatic 

attraction or hydrophobic interactions drive the two subunits to form a complex19. An 

example of this configuration is de Silva et al.’s proton sensor 1, incorporating a 

lanthanide ion lumophore20. As shown in Figure 1.3, simple amino groups are the 

proton receptors forming side chains on a terpyridyl structure, transforming the 

receptor constituent into a ligand for the Tb3+ ion. The ligand structure is required to 

absorb radiation in the near-UV region and pass this on to the weakly absorbing 

lanthanide, as well as protecting from solvent quenching – leading to sharp 

luminescence at 544 nm. This considered the sensor can be classified as a pseudo-

intramolecular configuration as the Tb3+ ion, forming the lumophore constituent is 

associated by electrostatic and coordinative attraction. 
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Figure 1.3 – Proton sensor 1 by de Silva et al., with amino group receptors (coloured in blue) 

and terbium ion lumophore (coloured in yellow) connected by electrostatic and coordinative 

attraction20. 

 

(III) the proximal, non-adjacent configuration depicts a molecule where the two 

subunits have been covalently linked together. Being held within a short range but 

being physically separated forces the fluorophore and receptor to communicate via 

PET. Figure 1.4 shows the electronic transitions which occur between an excited state 

fluorophore and the receptor, also how these are altered when the receptor binds to the 

analyte3. The redox potentials of the components are chosen so that the receptor will 

transfer an electron to the electronically excited fluorophore. When the analyte is 

present, for example a Ca2+ ion, the receptor molecule becomes more electron deficient 

and its oxidation becomes more costly. PET ceases to occur and the excited state of 

the fluorophore drops back down to ground state and producing an “on” fluorescent 

signal.  

The orthogonal configuration (IV) behaves like example (III) where the spacer module 

is non-existent. Electrons cannot be shared between the π molecular orbitals as the 

system is broken into two orthogonal subunits because of steric strain. The receptor 

and fluorophore subunits are forced to communicate via twisted intramolecular charge 

transfer (TICT)21. Due to its bulky aromatic groups 2 contains a twist in the C-N bond 

so that the two pyridylmethyl components, highlighted in red in Figure 1.5 are 

perpendicular to the naphthalenedimide fluorophore22. Electron donation occurs by 

TICT, quenching fluorescence and forming the “off” state. Upon addition of Hg2+, 

TICT between the receptor and fluorophore is prevented and fluorescence is emitted 

in the “on” state, 3. Interestingly the addition of a hexylamine unit was added to donate 

electron density and tune the fluorescence in the near IR region, making the signal 

more easily and safely detected in live cells and body tissue.  



6 

 

 

Figure 1.4 – Electronic transitions of a proximal, non-adjacent ‘on-off’ sensor while (a) 

switched “off” and (b) switched “on” with addition of analyte. 

 

 

Figure 1.5 – Hg2+ sensor 2 proposed by Li et al., which undergoes luminescent intensity 

quenching in 3 on the basis of TICT 22. 

 

Lastly, the strongest association between receptor and fluorophore is known as an 

integral configuration (V). In this case the fluorophore and receptor form a single π 

system to communicate via internal charge transfer (ICT)23. This is the simplest form 

of the fluorescent sensors and therefore the biggest class. Robert Boyle introduced the 

first crude compounds which signalled change of pH in 166424.  This inspired pH 



7 

 

indicators extracted from nature for example anthocyanins from purple sweet potato25. 

A large proportion of integral configurations are pH indicators however, as the sensor 

is not modular, their design is more unpredictable and new examples cannot be 

engineered as easily as other configurations. More innovative examples include a 

selective Cd2+ sensor 4, which is compatible with live cells26. Although the di-2-

picolylamine receptor shown in Figure 1.6 is the same that proposed by Li et al., shown 

previously; in this case there is π orbital overlap which extends from the electron 

donating amine within the receptor to the electron accepting fluorophore, allowing 

donation to occur by ICT and the fluorescence to be switched “off”. In the presence of 

Cd2+ in the cell, red fluorescence is switched “on” – this can be differentiated from the 

slight fluorescent enhancement of other cations in the cell by its large bathochromic 

shift. 

 

Figure 1.6 – Cd2+ sensor, 4, proposed by Peng et al.26, red fluorescence is switched “on” in 

the presence of Cd2+, structure 5. 

 

1.2.1.1. Fluorophore-Spacer-Receptor Sensors 

The first appearance of a supramolecular sensor can be found in literature proposed by 

Sousa et al.27, and consisted of a Fluorophore-Spacer-Receptor design as shown in 

Figure 1.7. Structure 6 is constituted of a naphthalene unit linked with a 20-crown-6 

crown ether, capturing a range of alkali earth metal ions, and signalling this with a 

change in fluorescence. 
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Figure 1.7 – Structure 6, the first example of a fluorophore-spacer-receptor design, by Sousa 

et al.27. 

 

Although this behaviour was related to the heavy atom effect, the behaviour of later 

literature examples of Fluorophore-Spacer-Receptor designs were identified as PET 

and could be quantified during the design process of the sensor17.  

The modular design of this system brings about a range of advantages, including the 

predictability in the design of the sensor. Keeping each component distinct means that 

most of their properties are not influenced by being joined. Calculations can be carried 

out beforehand with the free fluorophore and receptor to judge whether 

communication between them is feasible before synthesis takes place. Equation 1.1, 

the Rehm-Weller equation can be utilised to calculate the thermodynamic conditions 

required for electron transfer17, 28. Here, ES.FLUOR is the energy associated with 

promoting an electron from the HOMO to the LUMO in the fluorophore. ERED.FLUOR 

is the energy associated with the fluorophore gaining an electron. EOX.RECEPT is the 

energy cost in separating an electron from the receptor and finally EION PAIR is the 

energy associated with forming two charged components close together. 

 

ΔGET  =  - ES.FLUOR  - ERED.FLUOR  + EOX.RECEPT  –  EION PAIR 

- Equation 1.1 

The redox potentials of the fluorophore and receptor subunits can be specifically 

chosen to allow PET (when ΔGET < 0) to be favoured over fluorescent decay of the 

excited fluorophore. Therefore, the more rapid PET process will take precedence and 

fluorescence will be quenched. Addition of the analyte can cause the receptor 

oxidation to become more energy demanding (increasing EOX.RECEPT) and making 

ΔGET more positive. If ΔGET has been raised to a point (usually > 0) where PET is the 

disfavoured process, fluorescence will be revived.  
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The modular nature is also advantageous as fluorophore or receptor units can be 

changed depending on the need to analyse at different wavelengths or to detect 

different analytes. 

The choice of spacer also has a role to play in the communication between fluorophore 

and receptor as its length governs the rate of PET3. Onoda et al. have identified that 

the rate constant of electron transfer decreases with increasing spacer length29. 

 Equation 1.2 shows that the value of fluorescent quantum yield (φf) is decreased as 

rate constant of electron transfer increases (ket).  

 

𝛷𝑓 =   
𝑘𝑓

𝑘𝑓  +   𝑘𝑛𝑓  +   𝑘𝑒𝑡
 

- Equation 1.2 

Where kf and knf are the rate constants of fluorescence and radiationless transitions 

respectively. It was deduced that the magnitude of intramolecular quenching of the 

fluorophore via PET is increased by shortening the spacer chain length. Therefore, to 

maximise the difference between the fluorescent “on” and “off” signal the spacer chain 

should be a short as possible. For this reason, a single CH2 linker is utilised to join 

fluorophore and receptor subunits in many cases. 

 

1.3. Competitive Assays 

In these instances, the signalling and receptor components are not covalently bound. 

The analyte of choice is sensed by displacement of one species by another so that a 

change in a chemical signal is seen. 

 

1.3.1. Immunoassays 

R. S. Yalow’s studies into the metabolism of insulin in the body led her to developing 

the radioimmunoassay (RIA) method and winning the Nobel prize in 1977, the first 

example of a competitive assay30.  
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Using known standard solutions of analyte, the inhibition of labelled antigen binding 

can be deduced forming a calibration curve as shown by Figure 1.8. Combining the 

specificity of antibodies with the sensitivity of radiation allowed samples with even 

small amounts of antigen to be detected. 

 

 

Figure 1.8- The competition between unlabelled and labelled antigen shown as a (a) scheme 

and (b) graph, forming a calibration curve of the RIA. 

 

Figure 1.9 depicts the antibody acting as a receptor to both the unknown quantity of 

antigen in the sample (analyte) and the known quantity of labelled antigen (signal). 

Both antigens will compete for binding sites via mass action and after a series of 

washing procedures, to wash away unbound antigen, the quantity of labelled antigen 

remaining can be determined and using the calibration curve, the concentration of 

antigen in the sample deduced.  

 

Figure 1.9- A simplified representation of the RIA method. 
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In modern times radioactive labelling has been replaced with fluorescent labelling 

which tends to be less expensive and less hazardous, forming the fluorescent 

immunoassay (FIA). 

However, in comparison the FIA method is much less sensitive. This is due to the high 

quantity of fluorescing compounds present in the assay which cause a high fluorescent 

background31. Fluorescent scattering from solvents, solutes and biological proteins can 

limit the sensitivity of the assay32. Sensitivity can be increased slightly by rigorously 

selecting solvents and fluorophores which have large Stokes shift to prevent overlap 

of emission bands. Alternatively, antibodies can be bound to a solid phase which 

allows separation of bound antigen from sample constituents which raise background 

fluorescence. However, photoluminescence from the solid support can still cause 

issues.  

An alternative pathway, which allows sensitivity to be dramatically improved is the 

use of time-resolved fluorometric immunoassays (TR-FIA) or dissociation enhanced 

lanthanide fluorescence immunoassays (DELFIA). In these cases, a lanthanide metal 

ion, most commonly Eu3+, is utilised for its long phosphorescent decay times. Figure 

1.10 shows how background fluorescence can be eliminated by counting luminescence 

after a delay time which is approximately equivalent to the half-life of the lowest lying 

emitting level of Eu3+. 

 

Figure 1.10 – A scheme depicting the TR-FIA technique. Showing background fluorescence 

(short decay time) and phosphorescence from Eu3+ probes (long decay time). 
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In order to exhibit this phosphorescence, the Eu3+ ion must be bound to an 

appropriately absorbing chelate which has three main roles. The chelate excludes water 

and other solvents which would increase non-radiative decay of the lanthanide and 

decrease decay time. The chelate strongly absorbs radiation and passes this on to the 

excited triplet state of the lanthanide, to compensate for its low absorptivity. Finally, 

the influence of the ligand-field causes non-centrosymmetric interactions which 

relaxes the otherwise forbidden f-f transitions, allowing the lanthanide to exhibit its 

characteristic sharp emission bands33. FIAs alternatively utilise strongly binding 

chelates for dissociative luminescent enhancement. This may involve a lanthanide 

metal bound to an antibody which will attach to its complimentary antigen/analyte, 

following this a sensitising chelate e.g., EDTA is added leading to dissociation of the 

lanthanide, which becomes more tightly bound and protected from solvent interactions 

leading to a luminescent enhancement. The luminescent output can then be related to 

the concentration of analyte present. This method is advantageous as it makes altering 

the immunoreactivity of the antibody less likely, as the appropriately sensitising 

chelate needs not be covalently attached to the antibody32. 

Hӓrmӓ et al. describe a TR-FIA for prostate-specific antigen (PSA), which at elevated 

levels may indicate prostate cancer34. Chelated Eu3+ with β-ketone infused onto 

polystyrene nanoparticles were utilised. The procedure is simply carried out on a 

micro-titre plate, allowing luminescence to be analysed directly without the need for 

dissociative enhancement of the lanthanide. 

However, in some cases it may be difficult to label the desired antigen without bringing 

about changes in affinity, specificity or solubility i.e., behave differently to the 

unlabelled antigen (analyte). It may also be difficult to find an appropriately absorbing 

ligand for the lanthanide which can pass on energy to the excited triplet state as well 

as being both strongly chelating and kinetically inert to other constituents of the 

solution. 

 

1.3.2. Indicator Displacement Assays 

Indicator displacement assays (IDAs) differ from the previous examples of 

competitive assays in that the biological entity, i.e., antibody is replaced with a 

synthetic receptor, which results in some benefits. The reduced selectivity of synthetic 
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receptors when compared to enzymes allows for differential sensing; the strength of 

binding between different analytes can be investigated16. The lowered specificity of 

the receptor allows the assay to become more economic; different indicators and 

analytes can be assessed using the same receptor. Similar to the Fluorophore-Spacer-

Receptor sensors described previously, the components are highly tuneable; receptor, 

indicator and solvent system can be varied to suit the analyte of choice, whereas the 

design of assays using biological entities is more restricted. 

A simplification of the how the IDA signals the presence of analyte is shown in Figure 

1.11. If the receptor molecules are electron rich e.g., calixarenes, charge transfer to the 

fluorophore can result in quenching. When a cationic analyte molecule has been 

captured e.g. choline35, the charge transfer between receptor and fluorophore is 

prevented and fluorescence is switched “on” (Figure 1.11a). Alternatively, the 

fluorophore can be protected from solvent interactions which would quench 

fluorescence, for example, inside the hydrophobic cavity of a cyclodextrin receptor 

molecule35. Therefore, by picking up the analyte the fluorophore is displaced into the 

solvent and fluorescence is switched “off” (Figure 1.11b). 

 

Figure 1.11 – Simplified representation of an IDA (a) when presence of analyte produces an 

“on” signal and (b) when the presence of analyte produces an “off” signal. 

 

When designing an IDA, a complementary host or receptor is first chosen for the 

analyte of interest. Next an indicator whose functionality and geometry are similar 

enough to the analyte produce a comparable binding affinity to the receptor36. The 

solvent system can then be used to tune the sensor to operate within an appropriate 

concentration range of the analyte. Increasing the polarity of the solvent will weaken 

binding and increase the dissociation constant (Kd) of the analyte to the receptor, where 
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they are electrostatically attracted or H-bonded. It is important that the Kd is 

appropriate to the concentration of analyte as too high or too low results in an 

insensitive assay due to either negligible or non-displaceable binding of the analyte 

and receptor. Tuning or choice of indicator Kd is also necessary to promote 

selectivity37. If the indicator has a Kd higher than that of contaminants it ensures that 

only the targeted analyte can displace it and produce a signal. 

 

1.3.2.1. Examples of IDA Sensors 

An interesting example of a sensor which bridges the gap between the Fluorophore-

Spacer-Receptor design and the IDA concept is 7, shown in Figure 1.1238. The 

Indicator unit here is alizarin yellow, a pH indicator dye. In aqueous media the organic 

indicator is included into the hydrophobic cavity of the β-cyclodextrin ring. When 1-

adamantol is added, the analyte inserts itself into the ring and displaces alizarin yellow. 

Now resident in bulk aqueous solution, the pKa of the indicator is raised, changing its 

colour at a given pH of the solution: signalling the presence of 1-adamantol. Unlike 

previous examples of Fluorophore-Spacer-Receptor design, communication between 

the indicator and receptor is not based on PET but on changing pKa. In this instance 

the ethylenediamine linker is of limited use for some applications and may be 

disregarded giving the added benefit of less synthetic steps. 

 

Figure 1.12 – 7, a sensor for 1-adamantol; represented simplification of an β-cyclodextrin 

ring modified with alizarin yellow linked by an ethylenediamine unit38. 
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Losing the linker module between the indicator and receptor means that difficult 

synthetic steps which connect the constituents while maintaining their functionality 

are unnecessary. However, this brings with it the limitation that the assay is not suitable 

for imaging live cell/tissue as the indicator and the receptor can partition into different 

bioenvironments39. In 1995 Czarnik communicated the need for new fluorescent 

sensors for biological compounds, and although unsuitable for whole cell imaging 

many IDAs have been developed for biological analytes; providing important insights 

into biological processes40. 

Inouye et al.41 reported a selective IDA sensor for acetylcholine, a neurotransmitter 

secreted in the synapses of nerve cells. In this example the receptor used was a bowl-

shaped structure 8, shown in Figure 1.13. 0.01M KOH/MeOH was utilised to produce 

the anionic tetraphenolate, 9, which could attract the cationic pyridinium indicator and 

the acetylcholine analyte. As depicted in Figure 1.14, the pyridinium compound is 

attracted to the electron rich receptor forming the complex 10. PET occurs between 

the two which quenches the indicator’s fluorescence. However, when acetylcholine is 

added complex 11 is formed, displacing the indicator, which  regains its orange 

fluorescence. The increase in fluorescence with increasing acetylcholine concentration 

was quantified by fluorescence spectroscopy and binding between the indicator-

receptor and analyte-receptor complexes assessed by shifts in the NMR spectra. 

Shinkai and co-workers would later find that the pyridinium indicator was not stable 

in the chosen alkaline medium and so used a calix[6]arene p-sulfonate receptor in 

aqueous and neutral media, thus operating under physiological conditions42.  

 

Figure 1.13 – (a) Macrocycle 8,  designed by Inouye et al.41 (b) The receptor in basic media 

becomes anionic and forms a bowl-shape, resorcinarene receptor 9 for acetylcholine.  
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Figure 1.14 – Depiction of the acetylcholine IDA by Inouye et al.41 where the indicator is 

spyridinium dye, 12 and the analyte is acetylcholine. 

 

It is a challenge to design supramolecular interactions which operate under 

physiological conditions, as water is a competitive solvent and will dampen the 

attraction between electrostatically attracted species. Buffers to maintain a constant 

pH of 7.4 can also interfere with the assay, even if low association buffers are used43. 

One approach to solve the issue of electrostatic binding in aqueous media, is the 

introduction of a metal coordination site attached to an organic scaffold. Being a weak 

Lewis acid, H2O coordination is prevented, and the substrate is free to bind. Metal-

containing receptors are particularly effective in IDAs as complexation with a metal 

brings about large microenvironmental changes around the indicator and therefore a 

distinguishable absorbance or fluorescence changes44. Smith et al. report a sensing 

ensemble which operates effectively in physiological conditions using this approach45. 

The IDA is designed to sense the presence of phosphatidylserine (PS) on the outer 

lipid membrane surface, an early indication of cell death or apoptosis. This method of  

identifying early signs of cell apoptosis is a crucial tool in the development of cancer 

treatments by enabling high throughput screening (HTS) of new chemotherapy drugs. 

As the host-indicator complex encounters the cell membrane undergoing apoptosis, 

the indicator is displaced by PS – which now free in solution returns to its original 

colour. A simplification of this mechanism is shown in Figure 1.15. The negatively 

charged PS is strongly attracted to the coordination sites on the pair of Zn2+ cations 
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associated with the host, 13. Once displaced the indicator, 14, exhibits a 1.8-fold 

fluorescent enhancement which allows membranes with as low as 5 % PS to be 

detected spectroscopically. 

 

Figure 1.15 – IDA identifying phosphatidylserine in the outer cell membrane indicating 

apoptosis45. 

 

 

Figure 1.16 – IDA sensing system for phosphatidyl serine in apoptotic cell membranes 

consisting of a) Zn2+-dipicolylamine host, 13 and b) coumarin methyl sulfonate indicator, 1445. 

 

Usefully, a benefit of the IDA is that it can operate under both aqueous and organic 

solvent conditions. Therefore if samples can be extracted from the biological system 

and as long as the chosen solvent is miscible with water, samples can still be analysed 

without the need to optimise the assay under physiological condtions16. The use of 

organic solvents in IDAs is prevalent in analytical studies, where physiological 

conditions aren’t required. 

Interesting examples of analytical studies in this field are IDAs which mimic our sense 

of taste and smell. In the previous examples, care has been taken to synthesise a host 

which is targetted to bind one desired analyte, mimicking the specificity of antibodies 

or enzymes46. However, being substantially more simplistic than antibodies or 

enzymes, synthesised hosts often fall short of the specificity targets set by their 
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biological counterparts47. This considered, our sense of taste and smell do not rely on 

complete specificity but rather cross-reactivity between receptors16. 

Anslyn et al. have successfully employed IDAs to quantify flavour compounds 

produced from the ageing of whiskey, and have identified flavour profiles in samples 

of flavoured vodkas48,49. Both examples employed one crossreactive receptor which 

binds two or more analytes, creating a fingerprint in the absorbance or fluorescence 

data. Much of the research employs pattern recognition software to interpret this 

fingerprint; one sophisicated recognition protocol utilised in this research is Multilayer 

Perceptron (MLP) Artifical Neural Network (ANN) represented by Figure 1.1749. The 

ANN is able to interpret subtle differences in spectra of unknown samples by relating 

them back to spectra of known mixtures (hidden layers) which have been learned in 

the training stage of the process. The outputs from the multiple hidden layers are then 

correlated to predict the final output, the composition of analytes in the sample. 

 

Figure 1.17 – A simplified representation of a multilayer Artificial Neural Network (ANN)49. 

 

Studies have shown that stereoisomers of compounds elicit different taste responses, 

whether it be sweet, salty, bitter, sour or umami (savoury)50. Therefore Anslyn et al. 

reported the use of an enantioselective IDA which can differentiate between D- and L-

amino acids, mimicking the mammalian taste response51. In this case an array of 

receptors and indicators were used to generate absorbance spectra for all analytes, 

which were interpreted using Principal Component Analysis (PCA). PCA is the most 

commonly used pattern recognition software, which plots orthogonal axes which show 
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the greatest variance in the input data16. As shown in Figure 1.18, the assay can 

differentiate between the bitter tasting L-isomers of natural amino acids in the top two 

quadrants of the PC1 axis, and the sweet D-amino acid isomers in the bottom two 

quadrants, in the same way a biological tongue would51. 

 

Figure 1.18 – A simplification of a 2D Principal Component Analysis (PCA) plot, showing 

differentiation of L- (bitter) and D- (sweet) amino acids. 

 

1.4. Molecular Machines and Switches 

This branch of science was born out of supramolecular chemistry, nanotechnology, 

and biochemistry in the pursuit of smart materials for applications such as drug 

delivery and molecular electronics52,53. Molecular machines can be defined as 

molecules which are stimulated by an input e.g. light or redox conditions, producing a 

mechanical output54. This movement is often classified by comparing stationary and 

mobile fragments, and this is made possible by the creation of mechanically 

interlocked molecules (MIMs)55. Classes of MIMs include catenanes, knots, rotaxanes, 

pseudo-rotaxanes and are shown in Figure 1.1956. 
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Figure 1.19 –  Examples of mechanically interlocked molecules (MIMs), including (from left 

to right) rotaxanes, pseudo-rotaxanes, catenanes and knots. 

 

Although mechanical bonds were first synthesised in 1960, it was the template directed 

approach of Sauvage and Stoddart which enabled higher yields and more efficient 

processes57. Templating methods are shown in Figure 1.20 and include the use of a 

metal ion to induce a specific coordination number and geometry into the structure. In 

the case of 15, a Cu+ ion is used to coordinate two phenanthroline derivatives together 

in a tetrahedral  orientation, the hydroxyl functional groups can then be linked to 

produce a [2]-catenane. The method reported by Stoddart involved electron deficient 

paraquat which could thread within an electron donating ring, as shown by 16; joining 

the paraquat’s terminal methyl groups with a second paraquat molecule results in a 

complete, complementary electron accepting ring, and a catenane being formed58. The 

final example, 17, is one in which neutral molecules are associated via hydrogen 

bonding and π-π attraction, in this case the templating guest is a partially constructed 

version of the host ring, once complete they form two identical interlocked rings57,59. 

Following this work assemblies which had controllable movement were being 

envisioned, including the molecular shuttle, involving a rotaxane structure shown in 

Figure 1.2160. Under normal circumstances the cationic ring or “bead” will 

preferentially sit on the benzidine station however, when placed under oxidising 

conditions or in the presence of TFA, the benzidine will become a cationic radical or 

protonated species, respectively. This occurrence will repel the positively charged 

bead which will then reside on the bianisole station. Similar thought processes have 

led to the development of molecular pumps61, elevators62, and muscles63 
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Figure 1.20 – Preliminary steps in the template-directed synthesis of MIMs, using various 

templating methods including 15, metal ion coordination, 16,  electron donor-acceptor species 

and 17, H-bonding/π-π attraction between neutral species57. 
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Figure 1.21 – The switchable molecular shuttle60. 

 

 Unidirectional rotation was also being demonstrated by Feringa et al. shown in Figure 

1.2264. By alternating light exposure and heat the compound can be switched to four 

different orientations 18-21. Considering the lower half of the molecule to be 

stationary and completing a full cycle results in 360° rotation which is continued as 

long as the stated inputs are applied. The rotation only proceeds in a clockwise fashion 

as the orientations with Meeq groups, 19 and 21, are metastable and so the reaction will 

proceed in a downhill fashion to produce the more stable Meax orientations, 18 and 20. 

Rotational motion was further explored to produce such novelties as the molecular 

car65. These concepts proved that movements could be induced and controlled on a 

molecular basis, opening possibilities for responsive materials, nanorobotics and 

nanomachinery. 
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Figure 1.22 – A unidirectional molecular motor64. 

 

1.4.1. Recent Developments in Molecular Switching 

Continuing with the concept of molecules which can perform actions, this section 

focuses in greater detail on molecular switches. Supramolecular switches can be 

defined as molecules which can change shape or location when commanded by an 

external stimulus66. Recent developments and potential applications which give them 

utility will now be discussed. 

 

1.4.1.1. Switches for Responsive Materials 

The ability to control a molecule gives rise to smart materials which can respond to 

our demands. An interesting example is the creation of self-healing materials; as we 

strive to become more economical with the items we use, self-healing and scratch 

resistance may enable us to use materials for longer67. The material reported is a 

polyacrylic acid polymer modified with cyclodextrin rings (PAA-CD), or ferrocene 

(PAA-Fc). The hydrophobic cavity of CD attracts the ferrocene, and a host-guest 

interaction occurs which meshes PAA-CD and PAA-Fc strands together, forming a 
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hydrogel. When oxidised, in this case with NaClO, Ferrocene becomes positively 

charged  and is repelled from the CD cavity, reverting the material back to its sol state. 

Employing redox chemistry effectively switches the properties of the material 

according to desire. Under strain the hydrogel material will also return to sol and 

within 500 seconds it will heal back its original state.  

The controlled assembly and disassembly of supramolecular structures in solution is 

another example of responsive materials. In this case a four component system 

including two hosts and two guests68. The amphiphilic guest 22, can thread through 

both sulfonatocrown ether, 23 and CD hosts, with its hydrophilic paraquat head group 

and hydrophobic dodecane chain associated respectively. In this state the assembly is 

hydrosoluble in solution however, when a second guest, 24 is added which competes 

for the CD ring, the hydrophobic tails will be exposed to the surrounding aqueous 

solution and forced to aggregate together forming nanotubes. However, the 

azobenzene guest’s affinity for CD can be reduced by switching from E- to Z-

orientation by UV-light.. The Z-azobenzene, 25 will no longer compete with 

amphiphilic guest and the nanotubes are selectively disassembled. These assemblies 

have use as miniature reaction vessels or transport vesicles which can be collapsed on 

cue. 

 

Figure 1.23 – Key structures in the four-component system making up collapsible nanorods 

including modified paraquat guest 22, sulfonatocrown ether host 23 and azobenzene guest 

24/25 switchable with UV/visible light. 
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1.4.1.2. Switches for Drug Delivery 

Controllable molecules are highly desired in the field of medicine, where treatments 

can be “turned-on” at, or delivered directly to, the site of disease, limiting harm to the 

whole body69. Supramolecular gated nano valves provide a valuable mechanism for 

targeted drug delivery52,70. Interesting examples include the work of Yang et al., based 

on mesoporous-silica nanoparticles (MSN)71. Generally the assembly consists of 

MSN, which may contain the drug cargo, trapped in place by stalk and bead 

constituents which together can form rotaxane or pseudorotaxane structures, as shown 

in Figure 1.2470. When switched the assembly will disperse, allowing for payload 

release. 

Chemotherapy treatment can be directed to the site of the disease, where the drug 

released in response to near-IR (N-IR) radiation which can penetrate deep into tissue71. 

The treatment is held within the mesopores in addition to Au nanoparticles (AuNPs), 

with N-IR radiation, plasmonic heating occurs to the latter. Under elevated 

temperatures the affinity of the stalks for the mesopores are reduced, thus the assembly 

breaks down and the cargo is released. In addition the heated particle may also lead to 

hyperthermia-induced death to the nearby cancer cell72. 

 

 

Figure 1.24 – Simplification of a mechanised mesoporous silica nanoparticle (MSN) as use a 

nano valve. 

 

Acetylcholine (Ach) may also be used as stimulus for drug release, as well as a disease 

marker73. Ach, a neurotransmitter holds utility as a reporter for central nervous system 

(CNS) diseases, particularly in Parkinson’s disease (PD) where the neurotransmitter is 

overexpressed74. In a similar way as reported previously it can act as a nano valve 
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trigger to release treatment directly at the synapses, proportional to the extent of the 

disease. In this case the Ach competes for the hydrophobic cavity of the macrocyclic 

beads with pyridine stalks - these represent the gatekeeper of the MSN as shown in 

Figure 1.24. As more Ach is present, elevated by the extent of the disease, it displaces 

more macrocyclic beads and pyridine stalks from the pore, and thus the drug cargo 

held within can be released directly to the area required. 

 

1.4.1.3. Switches for Catalysis 

Supramolecular host-guest interactions are also utilised in the field of catalysis, where 

encapsulation of catalysts and reactants enhances reaction rate, it also can have an 

influence on the enantiomeric excess of the product75,76. In the example depicted in 

Figure 1.25, six resorcin[4] arene molecules associate together to encapsulate the 

photoactive Ru(II) catalyst, and thus the catalytic aerobic oxidation of dibutyl sulfide 

is prevented77. Upon addition of the competitive guest, (NEt4)OTf, [Ru(bpy)3]
2+ is 

displaced where it is now free in solution, producing the sulfoxide product in the 

presence of O2 and visible light. The process is reversible and provides an example of 

how catalytic activity may be switched “on” and “off” to suit a given application, with 

the help of molecular switches. 

 

 

Figure 1.25 – Simplification of the resorcin[4]arene cage (blue) encapsulating Ru(II)bpy3, 

allowing for controllable catalytic activity77. 
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1.5. Conclusion 

In this Chapter the background research which encompass this work have been 

summarised. In Chapter 1.2 the work first introduced by de Silva has been summarised 

and serves as our inspiration for continuing research in the field of supramolecular 

chemistry and sensing. Many of the examples utilise amine groups as receptors for 

simple ions, with great success, for example Ca2+ sensors which allow cellular 

communication to be mapped78,79. However, with the goal of capturing molecules, 

different receptors and sensing mechanisms must be investigated. Chapter 1.3 provides 

details on one such route - competitive sensing. The gold-standard in analyte 

specificity is offered by the antibody receptors of immunoassays, which is greatly 

reduced when synthetic receptors such as calixarenes, cyclodextrins and 

resorcinarenes are chosen. However, the latter examples provide better opportunity to 

tune host-guest interactions. IDAs are highlighted specifically as they utilise widely 

available indicators, allowing molecular sensors to be quickly and economically 

constructed, without the need for extensive synthetic procedures. The IDA is good 

example of supramolecular host-guest chemistry which has real-world utility, having 

become an effective tool in analytical chemistry. Therefore, IDAs provide a solid 

starting point to achieve the goal of molecular sensing. 

 Finally, Chapter 1.4 has summarised the Nobel prize winning research on molecular 

machines and switches. Extensive synthesis is often required to produce complex 

structures, or MIMs, which exhibit novel behaviour. Although most examples in this 

research field remain theoretical, they allow us to envisage nanorobotics, targeted drug 

delivery and responsive materials. Our contribution to this field is switchable 

molecular hosts which may gain utility in the fields of drug delivery or catalysis. 
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Chapter 2: IDA systems for detection of cis and trans double bonds  

2. Introduction 

A general introduction has been given on IDAs in the first chapter. In this chapter 

examples of sensing ensembles which utilise boronic acid receptors and specifically 

those which enable screening of analyte stereochemistry are explored. Following this 

we present a colorimetric IDA for the identification of Z and E double bonds which 

may have utility in the generation of stereochemically selective reactions and 

characterisation of poly-unsaturated compounds. 

 

2.1.1. The fundamentals of boronic acids 

Boronic acids have the general formula shown in Figure 2.1. The sp2
 hybridised form 

is deficient of two electrons and readily interacts with nucleophiles via its vacant p- 

orbital. 

 

Figure 2.1 - The general formula of a boronic acid with bond angles of 120°, showing a vacant 

p orbital. 

 

Although the B-O bonds are relatively strong at 502 KJ/mol (B-C bond = 356 kJ/mol), 

due to its Lewis acidity these bonds are readily exchanged with alcohols and 

carboxylic acids in the manner depicted in Figure 2.280. 

 

 

Figure 2.2 – Boronic acid hydroxyl group exchange under aqueous neutral/alkaline media 

with the addition of HO-R’. 
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The use of boronic acids is prevalent as they are generally non-toxic, thermally, air 

and moisture stable and ultimately break down to boric acid, also meaning they are 

considered a “green” reagent. They are popular in the field of catalysis with a famous 

example being the Suzuki-Miyaura cross coupling reaction shown in Figure 2.3.81. 

This reaction allows the generation of a C-C bond through the selective coupling of 

aryl groups, which is utilised widely in the synthesis of pharmaceuticals82. The boronic 

acid is a crucial component in the transmetallation step, where ligands on the boron 

and palladium(II) centres are swapped, to give the desired diaryl. However, the boronic 

acid must firstly be activated with base to achieve the nucleophilic ArB(OH)- moiety 

which will seek out the Pd(II) metal83. 

 

Figure 2.3 – Outline of the catalytic cycle for the Suzuki-Miyaura cross coupling creating 

biaryls, with the boronic acid activation with base highlighted at the bottom. where X = Br, 

I82. 

 

Because boronic acids can readily exchange hydroxyl ligands, they have also been 

commonly employed as  receptors for anionic species. One example is the use of 

chalcone derivatives with added boronic acid groups, which were shown to be toxic to 

breast cancer and some colon cancer lines84,85. At physiological pH the boronic acid is 

in its neutral, sp2 hybridised form and will interact with electron donating species. The 
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MDM2 (mouse double minute 2) protein is particularly amplified in breast cancer cells 

and containing lysine groups, it provides a source of electrons from amino groups – 

which cling to the boronic acid moiety. Compounds like 26 shown in Figure 2.4. were 

reported to be between 5-10 times more toxic towards the defective breast cancer cells 

than normal epithelial cells and are proposed as an effective chemotherapy treatment. 

 

Figure 2.4 – Boronic acid- chalcone derivative 26 reported by Khan et al. for the treatment of 

cancer cells. Where X = I, Cl 84,85. 

 

Boronic acid receptors have also been extensively reported as sensors for 

monosaccharides, for example glucose – aiding diabetes research and other conditions 

linked with diabetes mellitus86. Glucose sensors based on fluorescence are desired over 

the traditional electrochemical method of glucose analysis, because of their increased 

sensitivity. Also, if  N-IR radiation is used, glucose readings may take place without 

harming the patient, where the electrochemical alternative necessitates a finger prick 

blood sample. James and Shinkai popularised the use of boronic acids as fluorescent 

sensors for saccharide detection like those shown in Figure 2.587,88. The ‘cleft-like’ 

diboronic acid alternative 28 offers more selectivity towards D-glucose due to the extra 

boronic acid binding site, whose orientation favours glucose over alternative 

monosaccharides. 

Similar structures have been utilised for continuous glucose monitoring and point-of-

care blood analysers, which benefit patients in critical care situtations4,89. 

 

Figure 2.5 – Boronic acid receptors for D-glucose detection showing the original 

monoboronic acid anthracene derivative 2787 and the ‘cleft-like‘ diboronic acid variation 2888. 
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2.1.2. Debate around boronic acid binding 

Although the fluorescent anthracene derivatised boronic acids structures were known 

and were a popular method for saccharide and diol sensing, debate remained around 

the method of fluorescence quenching for several years88,90. 

The role of electron withdrawing groups in the ortho-position which lowered the pKa 

value of the boronic acid had been established, discovered to facilitate the binding of 

analyte under physiological conditions91,92.  However, Shinkai et al. stated that the 

aminomethyl moiety also played a role in modulating fluorescence. The fluorescent 

sensor 27 is shown in  Figure 2.6, which was proposed to bind saccharides at neutral 

pH, leading to a fluorescent switch on. 

 

 

Figure 2.6 – Shinkai et al. fluorescent sensor for saccharides 27 forming a receptor-analyte 

complex 30, leading to a fluorescent switch on87. 

 

Shinkai et al. believed that a PET mechanism existed between the electron rich 

aminomethyl group and the electron poor anthracene fluorophore, and although it was 

considered that there was an association between the aminomethyl and the boron 

centre – this was not strong enough to prevent PET and the quenching of fluorescence. 

Upon addition of the analyte, the pKa value of the boronic acid is increased due to the 

electron withdrawing nature of the saccharide, so that the association between the 

aminomethyl group and boron was reportedly increased – forming an N-B bond of 

compound 30. It was also postulated that the N-B bond is formed to stabilise the sp3 

hybridised boron structure, rather than a strained, 3 coordinate sp2 hybridised boron 

centre. Based on this PET theory many fluorescent sensors for saccharides have been 

designed, helping name this sensor design as an important advancement in the field of 

fluorescent sensing93,94.  
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In 2003 Wang et al. raised some issues with the previous explanation for fluorescent 

quenching, claiming that the strength of the interaction between the nitrogen and boron 

atoms would weaken upon analyte binding95. X-ray diffraction and density functional 

theory (DFT) calculations expressed that the boronate ester N-B bond would be weaker 

than the boronic acid alternative. In addition, the change in strengths were not 

significant enough to explain the extent of the fluorescent switch on. Wang proposed 

the protonation of the amine group was more likely, with the N-H bond being stronger 

than the suggested N-B interaction96. Therefore, the theory of solvent insertion of 

compound 27, followed by hydrolysis was put forward to explain the prevention of 

PET and fluorescent switch on of 32, shown in Figure 2.7. 

Additionally three coordinate sugars like fructose were known to bind and give large 

fluorescent intensity increases, this would not be plausible with an additional N-B 

bond95.  

 

Figure 2.7 - Wang et al. explanation of fluorescent switch on as a result of hydrolysis 

mechanism96. 

 

After this time, Anslyn et al. published research which queried the presence of PET 

from the outset, finding a broad, structureless peak in UV-vis spectra and 

characterising it as aggregation of the sensor under the proposed aqueous conditions97. 

In pure methanol the fluorescence remained on to a large extent, in the absence and 

presence of fructose. It was elucidated that fructose was aiding the disaggregation of 

the boronic acid sensor. However, later remarking that although aggregation was an 

issue, a small proportion of the fluorescence switch on was as a result of analyte 

binding, therefore this could not provide the explanation for the entire story98. 

Twenty-five years after the initial mechanism of quenching was proposed, a unifying 

theory was presented and related to the previous examples which had been examined 

previously99. Through working with methanol to avoid the aggregation complication, 
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Anslyn et al. noticed an absence of fluorescent switch on with the addition of analyte; 

also, in the presence of D2O. He proposed the ‘loose bolt theory’, shown in Figure 2.8; 

where fluorescent quenching was as a result of B-OH oscillators of 33 which couple 

with non-radiative excited state quenching98. Therefore, the method of fluorescent 

quenching was reported to be ICT, rather than PET. Where substitution of the hydroxyl 

groups occurs – in deuterated solvent or with addition of the analyte, B-OH oscillators 

are replaced, and the slower oscillating vibrations from B-OD or B-OR in compound 

35 which are not as effective at discharging the excited state energy, hence it is released 

as fluorescence. 

 

Figure 2.8 - Anslyn et al. explanation of fluorescent switch on as a result of the ‘loose bolt 

theory’ where quenching occurs via ICT98. 

 

The conclusion of the work was that the aminomethyl group plays no role in the 

fluorescent quenching of the anthracene, although it does control the thermodynamics 

of analyte binding at neutral pH, also speeding up the rate of hydroxyl group loss 

therefore aiding analyte binding via intramolecular transfer mechanism represented by 

structures 36 – 40 in Figure 2.9.  

 

Figure 2.9 – Analyte binding via an intramolecular transfer mechansim99. 
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2.1.3. Examples of boronic acid IDAs 

There are four main classes of IDA, the biggest class of which is the fluorescent IDA 

(F-IDA), which is widely utilised for its superior sensitivity. This is an example of an 

IDA which utilises a fluorescent indicator, where guest addition results in modulation 

of fluorescent emission. An interesting example of this class is the boronic acid 

functionalised polylactic acid polymer (BA-PLA) 41 reported by James et. al (Figure 

2.10)100.  41 was utilised to generate biocompatible materials which may be used as 

drug delivery vehicles. When mixed together the Alizarin Red S (ARS) indicator and 

BA-PLA from a complex, producing a fluorescent polymer, 42. Upon the addition of 

diol guest, and following a filtration step, the ARS indicator is displaced, and the 

fluorescence of the polymer is lost, signalling that the guest is bound, as shown in 

Figure 2.11. The functionalised polymer exhibits strong bonds to the hydroxyl groups, 

and therefore may effectively complex and transport vicinal diol-containing 

therapeutic agents. 

 

Figure 2.10 – Boronic acid functionalised polylactic acid polymer 41100. 

 

 

Figure 2.11 – F-IDA with BA-PLA receptor and ARS indicator complex 42, where the 

indicator is displaced upon addition of a diol-guest to form 43, a non-fluorescent molecule. 
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Using the same ARS indicator Glass reports a F-IDA including a multifunctional 

metallo-receptor 44, which can be considered part of a metal-complexing IDA (M-

IDA) subset101. By utilising both the boronic acid and Zn2+ metal binding sites, shown 

in Figure 2.12, guest displacement can be identified in two different wavelength 

regions. 

 

Figure 2.12 – Metallo-boronic acid receptor 44 as part of the F-IDA for saccharides101. 

Changes in emission at 554 nm are brought about by binding interactions with the 

boronic acid moiety, also fluorescence at 619 nm is influenced by interaction with the 

metal binding site. Changes in these two areas bring about fluorescent signatures for 

certain guests. Phosphosugars e.g., ribose-5-phosphate, lead to a decrease in 

fluorescence at both band positions, whereas simple sugars can be differentiated as 

they only interact with the boronic acid constituent and therefore only fluorescence of 

the 554 nm band is decreased. 

Electrochemical IDAs (E-IDA) are a second class of IDAs, where displacement of the 

indicator is detected by electrochemical means. An E-IDA can be employed for the 

detection of sialic acid (SA), 48, which is a tumour marker and whose presence is 

related to number of cancers and cardiovascular disease, outlined in Figure 2.13102. 
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Figure 2.13 – E-IDA for SA, 48 using a modified GCE with appended DA indicator, 45. 

 

Here dopamine (DA) is selected as the indicator and is immobilised onto a modified 

glassy carbon electrode (GCE), 45. When the boronic acid receptor 46 is added, it 

becomes adhered to the surface of the electrode by attaching to 45; this leads to a 

decrease in electrochemical signal of 47. With the addition of the 48, DA is displaced 

to produce 50 and the electrochemical signal is restored.  

The third category is the colorimetric IDA (C-IDA), where a colorimetric indicator is 

used and changes in absorbance in the visible spectrum offer a means of guest 

detection. Often known pH indicators are chosen and those with comparable affinity 

for the host as the guest are selected for the IDA. Witus et al. describes the use of a 

colorimetric competitive assay for the analysis of crude reaction mixtures following 

an aldol reaction103,104. Here the guest molecule is the β-hydroxy ketone product, 53 

and as it is added the pyrocatechol violet (PV) indicator, 55 is displaced, changing the 
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colour of the solution from red to yellow as shown in Figure 2.14. It is hoped the assay 

would allow optimal catalysts for the aldol reaction to be quickly screened and 

identified.  

 

Figure 2.14 – C-IDA for analysis of crude aldol reaction mixtures, like 53103. Where 55 is 

displaced from the host- indicator complex, 54, as the 53 is added, forming the host-guest 

complex, 56.  

 

The final example is an IDA which utilises fluorescence emission, electrochemistry, 

and absorption, and is referred to as the reaction-based IDA (R-IDA)105. The guest 

analysed here is H2O2, which is an essential metabolite in biological systems and one 

of the reactive oxygen species which have roles in signalling for disease106. The term 

‘reaction-based’ is added as the displacement of indicator, in this case ARS (59), is 

brought about by a reaction of the host: ARS complex (57) with the guest as shown in 

Figure 2.15. The displacement of 59 can be tracked as a fluorescence switch-off, a blue 

shift in the absorbance spectra and a switch-on of electrochemical response. 
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Figure 2.15 – R-IDA where the H2O2 guest reacts with the host-indicator complex, 57, leading 

to displacement of 59 and phenol product, 60105. 

 

2.1.4. Stereoselective IDAs 

The generation of stereoselective reactions is of great importance, specifically to the 

pharmaceutical industry. Biological proteins often preferentially interact with a single 

enantiomer of a compound over the other, therefore when designing drugs to target 

these proteins, individual enantiomers must be considered107. It may also be the case 

that one enantiomer of a drug may deliver therapeutic effects, whilst its mirror image 

is detrimental to health108. 

Homochirality is a characteristic of all living organisms. In humans, most amino acids 

are L-enantiomers, while sugars are D-enantiomers109. Therefore, to study and 

understand biological systems we must consider specific enantiomers. To generate 

individual enantiomers preventing waste, stereospecific reactions and catalysts must 

be developed. HTS can be used to quickly identify the most specific reactions, 
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catalysts, and reaction conditions to aid the discovery of new asymmetric catalytic 

reactions.  

Reetz et al. publication is one of the first examples to express the need for in situ HTS 

methods for analysis of stereoselective reaction products, with the aim of developing 

new catalytic methods110. The chosen test reaction was the hydrolysis of racemic p-

nitrophenyl 2-methyl decanoate, 61, using a mutated strain of lipase biocatalyst, as 

shown in Figure 2.16. Differentiation of R- and S-enantiomers were achieved by 

measuring the absorbance of the free p-nitrophenolate anion in the UV-vis spectra. 

Measurements could be taken in 96 well plates which enabled HTS. 

 

Figure 2.16 – Hydrolysis reaction of 61 using mutated lipase biocatalyst110. 

 

Modern day techniques for assignment of enantiomeric excess (ee), like HPLC and 

GC, are not effective for HTS due to their lengthy analysis time. Chiroptical methods 

tend to be more inexpensive and convenient for multiple analyses at once. Anslyn et 

al. pioneered HTS work, using IDAs to screen ee108. This method can quickly and 

reliably deliver an ee determination on products of stereoselective reactions like the 

Sharpless dihydroxylation reaction, in around 30 minutes for 16 unknown diol 

samples111. Similar work has been carried out for α-hydroxy acid and α-amino acid 

guests51,112-114. 

It is clear from this work that IDAs are a useful tool in efficiently measuring the 

composition of reaction products in a HTS manner and to this end, the generation of 

protocols which can identify different classes of isomers would be a worthwhile 

addition to the field. 
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2.2. Aims of Research 

Being inspired by the previous work on determination of diol enantiomer mixtures, we 

set our sights on differentiation of alkene isomers, having not seen evidence of 

colorimetric, nor HTS methods of performing this in literature111,113. This was 

desirable as we could demonstrate the versatility of the IDA sensing system, by using 

it to examine a new category of guest. To achieve the aim of a C-IDA for the 

determination of alkene stereochemistry via HTS, we would be further expanding the 

utility of the IDA for characterisation of reaction products – an area which has received 

little research compared to determination of analyte quantity/reaction yield113. 

Stereoselective catalysts or reaction conditions for the generation of alkenes could also 

be efficiently examined.  

 

2.3. Results and Discussion 

The most common approach to decipher cis and trans stereochemistry is to use 1H-

NMR coupling constants, or some form of chromatography if reference samples are 

available115. In rare cases, reaction-based methods have been reported where cis- and 

trans-alkenes could be differentiated by their rate of hydroboration116. In a related 

endeavour, Li et al. exploited m-chloroperoxybenzoic acid to epoxidize unsaturated 

lipids in dichloromethane with high specificity and complete conversion117. MS/MS 

analysis was then used to produce identifiable fragments from which the location of 

an olefin could be inferred117. However, this technique fell short  of differentiating 

stereochemistry.  

The general approach for the colorimetric determination of alkene stereochemistry 

explained in this chapter is to first conduct asymmetric dihydroxylations of the alkene 

analytes in situ, generating mixtures of enantiomeric diols, before processing via 

enantioselective-IDA. Practically this protocol involves a two-step process; a 

dihydroxylation reaction plate, followed by a screening plate. The idea of conversion 

of double bond constituents to a functional group that is more amenable to molecular 

recognition has been previously demonstrated also using enzymatic epoxidation and 

hydroxylation procedures to produce dialcohols, before being differentiated by HPLC.  

However, analysis via IDA is clearly advantageous as it allows for quicker analysis 

using UV-vis spectroscopic instrumentation or simply by eye. Additionally, as 
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described in the introduction an effective IDA for the discrimination of diol 

enantiomers is already known and is closely related to this research111. 

A 2-pyrrolidinylmethyl-phenylboronic acid host (64) has been chosen which will 

target diastereomeric diols obtained from oxidation of alkene isomers48,90,118,119. The 

colorimetric indicator PV (55) was chosen to be the indicator in this system. The 

solvent system used was acetonitrile and methanol (v/v is 1:1, pH in the range 8.1-8.4 

buffered with para-toluenesulfonic acid and Hunig’s base) in which all components in 

IDA had good solubility. The slightly alkaline pH value for the IDA was selected based 

upon the pKa values for ortho-amino substituted boronic acid in analogous non-

aqueous solvents, because binding is known to be enhanced by pH at or above the pKa 

values88.  

Critical to the IDA design was the anticipation that the diastereomeric diols generated 

in a stereospecific fashion from the cis and trans-alkenes, would have quite different 

affinities for 64. This theory was verified by a fellow researcher using 11B NMR111. 

Figure 2.17 shows the operation of the IDA with diastereomeric diols, whose synthesis 

from isomeric alkenes will be detailed later in the discussion. The hydroxyl groups on 

the boronic acid are exchanged to bind with the hydroxyl groups on 55 to form the 

host-indicator complex. In this situation the microenvironment of 55 has changed, 

altering the wavelength at which it absorbs and therefore the colour of the solution. 

With the addition of the diol guest and depending on the strength of binding between 

guest and host, it will displace the indicator by various extents allowing the free 

indicator to return to its original colour; this colour change is proportional to the 

amount of guest which displaces the indicator. Threo and erythro-diol binding 

constants with 64 can vary significantly due to the orientation of the R groups and 

associated steric strain. Specifically, in the case of the erythro diol once bound by the 

host, the R groups are forced to eclipse which is sterically unfavoured, resulting in 

reduced stability of the boronate ester. This effect is greatly pronounced where R 

groups are bulky, leading to significantly greater binding with threo over erythro-diols, 

hence a greater colour change and discrimination between the enantiomers. 
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Figure 2.17 - a) and b) showing structures of the chosen boronic acid host (64) and 

colorimetric indicator pyrocatechol violet (55) respectively. c) Scheme depicting the IDA in 

methanol: acetone solvent, where 55 is displaced from the host-indicator pair (65) by different 

extents, depending on the strength of the binding interaction of 64 and guest (68/69) where 

binding of the threo-diol is preferred over the erythro-diol due to the orientation of R groups. 

Freeing the indicator results in a change in colour and absorbance. 

 

The first stage in the development of the IDA is the UV-vis spectrometric titration of 

host and indicator, performed to discern the strength of binding between the pair. It is 

important that the indicator have a comparable binding constant to that of the analytes 

investigated in order to create a sensitive assay36. The titration spectra were collected 

by adding small amounts 64 to a solution of 55 and measuring the change in 

absorption. The free indicator absorbs in the 437 nm region, and as 64 is added 

absorbance is red-shifted as the host-indicator complex, 65 is produced. Each 

absorbance reading was validated by the subsequent reading, otherwise it was 

repeated. Addition of 64 was continued until the change in the absorbance from 
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subsequent readings was negligible.  The achieved absorption spectra are shown in 

Figure 2.18a, where the region of highest dynamic range of absorbance was at 520 nm. 

Figure 2.18b shows the absorbance at 520 nm plotted against the total host 

concentration, [H]t, allowing the appropriate concentrations of 64 and 55 to be 

selected. The concentration of 55 was chosen to be 0.15 mM because of its suitable 

absorbance range while the concentration of 64 was 0.4 mM, allowing the host to be 

around 90 % saturated with indicator; reportedly giving good sensitivity to guest 

displacement111,113. 

 

 Figure 2.18 -  a) UV-vis absorption spectroscopic titration of 64 into 55 in methanol and 

acetonitrile (v/v = 1:1, 25 °C, pH 8.1-8.4 buffered with 10 mM para-toluenesulfonic acid and 

Hunig’s base). b) Change in absorbance at 520 nm with the addition of 64, where [Ht] is the 

total host concentration, and the binding constant for 64 and 55, KHI was calculated to be is 

17.1 x 103 M -1using Bindfit, Nelder-Mead Fit, error ± 2.4 %120. 

 

After deciding the optimal conditions for the IDA, seven sets of different E/Z-alkene 

pairs and their corresponding threo/erythro diols were analysed (Table 2.1). For each 

set of guests, the UV-vis spectroscopic titration of erythro or threo-diol guests into 

host 64 and indicator 55 have been done separately, as shown for 70TH/ER in Figure 

2.19. The absorbance of the host-indicator complex,  65 at 520 nm is depleted as 55 is 

displaced, reforming the free PV absorption band at 437 nm resulting from the 

formation of the host-guest complex: the mirror image of the titration of host and 

indicator shown previously. As shown by the spectra the addition of both 70TH and 

70ER result in a blue-shift of the absorption band, highlighting the binding ability of 

both enantiomers with 64. This is to be expected as the diol R groups of guest set 70 
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are the smallest of those analysed and experience less of a steric clash, which would 

disfavour binding in the erythro case. However, increasing the concentration of 70TH 

in solution results in a more visible shift in the absorption spectra when compared with 

the 70ER variant, showing that even in cases of low-steric bulk threo and erythro-

variants can be discriminated.  

Table 2.1 - Structures of E/Z-alkene pairs and their corresponding threo and erythro-

diols used in IDA analysis.  

 

The absorbance at 520 nm can processed to deliver the binding constants for each 

enantiomer as calculated using Equation 2.3 - Equation 2.7121. The binding constant 

for the host-indicator complex, 65 (KI) has been reported previously. Plotting [G]t/P 

against Q gives KI/KII as the gradient of the straight line as specified in Equation 2.7, 

allowing KII to be calculated. 
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Figure 2.19 -  IDA UV-vis absorption spectroscopic titration of a) 70TH (0 – 360 mM) and b) 

70ER (0 – 370 mM) into indicator 55 (0.15 mM) and host 64 (0.4 mM) in methanol and 

acetonitrile (v/v = 1:1, 25 °C, pH 8.1- 8.4 buffered with 10 mM para-toluenesulfonic acid and 

Hunig’s base). Where [G]t is total guest concentration. 

 

𝐾𝐼 =  
[𝐼𝐻]

[𝐼][𝐻]
 

- Equation 2.3 

𝐾𝐼𝐼 =  
[𝐺𝐻]

[𝐺][𝐻]
 

- Equation 2.4 

 

𝑄 =  
𝐴𝑏𝑠 − 𝐴𝑏𝑠(𝐼𝐻)

𝐴𝑏𝑠 (𝐼) − 𝐴𝑏𝑠
      

∴ 𝑄 =  
𝐴𝑏𝑠 −  𝐴𝑏𝑠𝑚𝑎𝑥

𝐴𝑏𝑠𝑚𝑖𝑛 − 𝐴𝑏𝑠
 

- Equation 2.5 

𝑃 = [𝐻]𝑡 − 
1

𝑄𝐾𝐼
−  

[𝐼]𝑡

𝑄 + 1
 

- Equation 2.6 
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[𝐺]𝑡

𝑃
=  

𝐾𝐼

𝐾𝐼𝐼
𝑄 + 1 

- Equation 2.7 

Where KI is the binding constant between indicator and host, KII is the binding constant 

between guest and host,  [IH], [I],[H], [GH] and [G] are the concentrations of the host-

indicator, indicator, host, guest-host and guest species respectively. Abs is the absorbance, 

Absmax is the maximum absorbance and Absmin is the minimum absorbance recorded. Ht, It  and 

Gt are total host, indicator and guest concentrations. Q and P are quantities specified in the 

straight-line equation 2.5. 

 

The absorbance at 520 nm with increasing guest concentration was plotted as shown 

in Figure 2.20, where the greater the depletion of absorbance at 520 nm signifies 

greater strength of binding between host and guest. The right panels show the data 

processed as required by Equation 2.7 with binding constants calculated as 0.05 x 10-

3 M-1 and 0.33 x 10-3
 M

-1 for 70ER and 70TH respectively, error ± 10 %. Therefore, 

as predicted the binding between 64 and 70TH is c.a. six times greater than the strength 

of binding with 70ER, on account of the orientation of R-groups. 
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Figure 2.20 – The processed data from IDA UV-vis absorption spectroscopic titration 

representative of guest set 70 where absorbance at 520 nm is plotted against total guest 

concentration ([G]t). Orange squares represent addition of 70TH (0 – 360 mM) and blue 

circles, addition of 70ER (0 – 370 mM) into indicator 55 (0.15 mM) and host 64 (0.4 mM) in 

buffered methanol and acetonitrile (v/v = 1:1). The right panels demonstrate the calculation 

of binding constant for erythro and threo-guests which are 0.05 x 103 M -1 and 0.33 x 103 M -1 

respectively, error ± 10 %.  

 

To demonstrate the concentration at which the absorbance of 70TH and 70ER are 

most distinguishable both quantitatively and qualitatively a small study was conducted 

and shown Figure 2.21. In this case 100 mM delivers the most discrimination 

colorimetrically due to the ability of the 70ER enantiomer to complex with 64 at higher 

concentrations. However, higher concentrations of 70TH/70ER at 360 mM 

concentration may be considered the most visually distinct from one another. In 

addition to these factors the considered guest concentration was also dictated by 

solubility.  
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Figure 2.21 - Assessment of the addition of a) 40 mM, b) 100 mM and c) 360 mM 70ER/70TH  

into indicator 55 (0.15 mM) and host 64 (0.4 mM) in buffered methanol and acetonitrile (v/v 

= 1:1), by visual colour change, or colorimetrically. 

 

The UV-vis spectroscopic titrations for 71TH/ER are shown by Figure 2.22. 

Compared with guest set 70, the additional steric bulk of the benzyl R groups results 

in noticeably distinct absorbance spectra of  71TH and 71ER. Binding of the erythro-

guest is disfavoured to the point where there is almost no change in the absorbance 

spectra as total guest concentration is increased. 

The absorbance at 520 nm as concentration of 71TH/ER is increased is shown in 

Figure 2.23. In the case of the erythro-diol, the absorbance is almost constant 

throughout the titration. This shows that the orientation of the benzyl constituents 

while bound to 64 in the erythro-diol case is disfavoured, to the degree where almost 

zero 55 is displaced, and the binding constant cannot be calculated. The opposite is 

true for the threo-alternative, which readily displaces 55 at relatively low 

concentrations of [G]t, the binding constant being significantly higher than 70TH. 
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Figure 2.22 -  IDA UV-vis absorption spectroscopic titration of a) 71TH (0 – 10 mM) and b) 

71ER (0 – 10 mM) into indicator 55 (0.15 mM) and host 64 (0.4 mM) in buffered methanol 

and acetonitrile (v/v = 1:1). Where [G]t is total guest concentration. 

 

 

Figure 2.23 - a) The processed data from IDA UV-vis absorption spectroscopic titration 

representative of guest set 71 where absorbance at 520 nm is plotted against total guest 

concentration ([G]t). Orange squares represent addition of 71TH (0 – 10 mM) and blue 

circles, addition of 71ER (0 – 10 mM) into indicator 55 (0.15 mM) and host 64 (0.4 mM) in 

buffered methanol and acetonitrile (v/v = 1:1). The right panel demonstrates the calculation 

of binding constant for 71TH which is  11.1 x 10-3 M-1, error ± 10 %, where the binding 

constant for 71ER could not be determined as the property change was too small. 
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The expectation of characterising long chain fatty acids using this protocol led us to 

investigate guest set 72. Due to the long alkyl chain constituents on each diol, we 

expected the discrimination between diastereoisomers to be significant. Solubility 

issues with 72ER limited the titration to 30 mM however, this was sufficient to discern 

binding of each enantiomer. Figure 2.24 shows the full titration of 72TH and 72ER, 

while data processing is provided in Figure 2.25. As expected, the bulky, alkyl R 

groups prevent any significant degree of complexation between 64 and 72ER due do 

their eclipsed conformation. Very little 55 was therefore displaced and the change in 

absorbance was too small for the calculation of a binding constant. However, 

absorbance is noticeably altered upon addition of 72TH, owing to its increased binding 

affinity and stability of the host-guest complex. In this case the binding constant was 

calculated to be 1.38 x 10-3 M-1.  

 

 

Figure 2.24 -  IDA UV-vis absorption spectroscopic titration of a) 72TH (0 – 75 mM) and b) 

72ER (0 – 30 mM) into indicator 55 (0.15 mM) and host 64 (0.4 mM) in buffered methanol 

and acetonitrile (v/v = 1:1). Where [G]t is total guest concentration. 
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Figure 2.25 - a) The processed data from IDA UV-vis absorption spectroscopic titration 

representative of guest set 72 where absorbance at 520 nm is plotted against total guest 

concentration ([G]t). Orange squares represent addition of 72TH (0 – 75 mM) and blue 

circles, addition of 72ER (0 – 30 mM) into indicator 55 (0.15 mM) and host 64 (0.4 mM) in 

buffered methanol and acetonitrile (v/v = 1:1). The right panel demonstrates the calculation 

of binding constant for 72TH which is 1.38 x 10-3  M-1, error ± 10 %,  where the binding 

constant for 72ER could not be determined as the property change was too small. 

 

Next, the full UV-vis spectroscopic titration was conducted for 73TH/ER and is 

shown in Figure 2.26. A slightly extended version of small aliphatic 70TH/ER guests, 

they share a similar binding affinity for 64 in both 73TH and 73ER enantiomers. 

However, visually we can establish that absorbance at 520 nm is decreased to a greater 

extent in the threo-diol compared with the erythro-version. 

Data processing as shown in Figure 2.27, shows how both 73TH and 73ER displace 

55 indicator leading to a decrease in absorbance at 520 nm as total guest concentration 

is increased. The straight-line equations calculated as described previously deliver 

binding constants of 0.16 x 103 M-1
 and 1.10 x 103 M-1

 for 73ER and 73TH 

respectively. A similar binding constant was achieved for 70ER and 73ER, showing 

that the extended alkyl chain does not elevate steric clashing to a significant degree in 

the erythro case, and does not make the formation of the host-guest complex more 

disfavoured compared with 70ER. This is most likely due to the flexible nature of the 

alkyl chain which can orient to limit the steric repulsion when the two R groups are 

eclipsed. However, 73TH does experience a greater strength of binding with 64 and 

the two enantiomers are easily discriminated from one another at 520 nm. 
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Figure 2.26 -  IDA UV-vis absorption spectroscopic titration of a) 73TH (0 – 90 mM) and b) 

73ER (0 – 90 mM) into indicator 55 (0.15 mM) and host 64 (0.4 mM) in buffered methanol 

and acetonitrile (v/v = 1:1), Where [G]t is total guest concentration. 

 

 

Figure 2.27 – The processed data from IDA UV-vis absorption spectroscopic titration 

representative of guest set 73 where absorbance at 520 nm is plotted against total guest 

concentration ([G]t). Orange squares represent addition of 73TH (0 – 90 mM) and blue 

circles, addition of 73ER (0 – 90 mM) into indicator 55 (0.15 mM) and host 64 (0.4 mM) in 

buffered methanol and acetonitrile (v/v = 1:1). The right panels demonstrate the calculation 

of binding constant for erythro and threo-guests which are 0.16 x 103 M -1 and 1.10 x 103         

M -1 respectively, error ± 10 %. 
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The final UV-vis spectroscopic titration assessed the discrimination between 75-diol 

diastereoisomers, having bulky tert-butyl constituents 75TH and 75ER were expected 

to have notably different affinities for 64. This is displayed clearly in Figure 2.8, where 

the absorbance spectra are red shifted markedly as 75TH is added in comparison to 

75ER. The absorbance at 520 nm for both enantiomers are easily discriminated, owing 

to their drastically different binding stabilities with 64, shown in Figure 2.29. The 

binding constant for the threo-diol was calculated to be 3.72 x 103 M-1, where the 

erythro-diol’s binding constant is indiscernible as the absorbance change is so 

minimal.  

The binding constants of threo and erythro guests 70-73 and 75, analysed by UV-Vis 

spectroscopy are compiled in Table 2.2. There is a distinct difference in the binding 

constants of threo and erythro-diols where the former are consistently stronger binders. 

Only 70 and 73 of the erythro-diastereoisomers bind strongly enough to allow the 

calculation of a binding constant. In both examples, the short aliphatic chains can  

orientate away from each other while held in the eclipsing orientation allowing the 

host-guest complex to form.  The wider the variation in binding constant and therefore 

absorbance of each enantiomer when added to the IDA mixture, increases the accuracy 

of the assay in detecting diastereomeric mixtures and thereby the stereochemistry of 

alkene parent compounds. 

 

 

Figure 2.28 -  IDA UV-vis absorption spectroscopic titration of a) 75TH (0 – 10 mM) and b) 

75ER (0 – 10 mM) into indicator 55 (0.15 mM) and host 64 (0.4 mM) in buffered methanol 

and acetonitrile (v/v = 1:1). Where [G]t is total guest concentration. 
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Figure 2.29 - The processed data from IDA UV-vis absorption spectroscopic titration 

representative of guest set 75 where absorbance at 520 nm is plotted against total guest 

concentration ([G]t). Orange squares represent addition of 75TH (0 – 10 mM) and blue 

circles, addition of 75ER (0 – 10 mM) into indicator 55 (0.15 mM) and host 64 (0.4 mM) in 

buffered methanol and acetonitrile (v/v = 1:1). The right panel demonstrates the calculation 

of binding constant for 75TH which is  3.72 x 10-3 M-1, error ± 10 %,  where the binding 

constant of 75ER could not be determined as the property change was too small. 

 

 

Table 2.2 -  Binding constants of host 64 and threo and erythro-diols corresponding 

to E/Z alkene pairs. 

 

 Where KH:G(TH) is the binding constant (103 M-1) for host 64 and threo-diol, KH:G(ER) is the 

binding constant for host 64 and erythro-diol. Error ± 10 %.  * marks where the property 

change was too small to support the calculation of the binding constant (103 M-1). 
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After determining the extent of the colour change for each diol pair it was considered 

that the orange to yellow colour change could be altered to give a more distinguishable 

colour change between erythro- and threo-samples. The colour wheel experiment was 

carried out by adding different coloured food dyes to the coloured solutions with the 

aim to tune the colour change of the IDA to different regions of the colour wheel 

(Figure 2.30).  

 

Figure 2.30 – The colour wheel, demonstrating the objective to tune the colour change of the 

IDA. 

 

Three solutions, A, B and C were made, all containing 64 and 55 components. B and 

C had the addition of 10 mM 71ER and 71TH respectively. Into solutions A, B and C 

was placed 50 μl (Figure 2.31) or 25 μl of selected dyes (Figure 2.32). Green and teal 

dyes were considered to generate the most distinguishable colour changes of the dyes 

investigated, hence demonstrating the ability to alter the visual differences between 

solutions depending on the preference of the end user. 
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Figure 2.31 - Colour wheel experiment: solution A, 0.4 mM 64 and 0.15 mM  55; solution B 

0.4 mM 64 and 0.15 mM  55, 10 mM 71ER and solution C, 0.4 mM 64 and 0.15 mM  55 and 

10 mM 71TH. In buffered methanol : acetonitrile solvent (v/v = 1:1). 50 μl of each food 

colouring solution was added as indicated. 

 

 

Figure 2.32 - Colour wheel experiment: solution A, 0.4 mM 64 and 0.15 mM  55; solution B 

0.4 mM 64 and 0.15 mM  55, 10 mM 71ER and solution C, 0.4 mM 64 and 0.15 mM  55 and 

10 mM 71TH. In buffered methanol : acetonitrile solvent (v/v = 1:1). 25 μl of each food 

colouring solution was added as indicated. 

 

Following the preparatory work to discern the correct concentrations of 64 and 55 as 

well as binding constants for the chosen analytes, analysis could move away from the 

traditional UV-vis spectrophotometer and towards the use of  multi-well plate reader 

in the aim to speed up the process and to trial analysis in a high throughput fashion111. 

At this point a screening plate was set up as demonstrated in Figure 2.33, in order to 
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screen the discrimination between enantiomeric diol mixtures and ultimately the E and 

Z alkene conformers. Various ratios of erythro and threo-diols were added to the plate 

along with the 64 and 55 sensing ensemble. Two factors control the extent of indicator 

displacement and therefore, colour change: % threo and [G]t (total guest 

concentration). Threo-guests have preferable stereochemistry to bind with 64 and in 

all cases have higher binding constants (Table 2.2). It therefore stands to reason that 

as the % threo-diol increases towards the right side of the plate, the solution in the 

wells becomes increasingly more yellow – the colour of the free indicator in solution. 

According to the law of mass action, increasing the concentration of analyte will push 

the state of equilibrium to bind more guest and displace the indicator122. This results 

in an increase in the yellow-coloured solutions as [G]t is increased descending the 

plate. 

 

Figure 2.33 -  Layout of the screening plate, buffered methanol : acetonitrile solvent (v/v = 

1:1), 64 (0.4 mM) and 55 (0.15 mM)  with (for the 96-well plate shown),  analytes 74ER and 

74TH in the concentrations 2 mM – 100 mM. 

 

Figure 2.34 shows the data analysis from the screening plate of guests 74ER and 

74TH. Figure 2.34a shows the response curves for the [G]t concentrations 2 – 100 

mM. As [G]t is increased the discrimination between erythro and threo-guests is more 

noticeable, this is because at lower concentrations not enough guest is present to 

effectively displace indicator and evoke a colour change. At higher concentrations the 

responses become curved, where in all cases the change in absorbance is greater in 

solutions where threo-diol is in the minority112. This phenomenon is caused because 

the binding constant of the threo greatly exceeds the erythro-guest, therefore at higher 

concentrations of the former (lower gradient portion of the curve) the host is saturated 
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with threo-guest, and binding is strong enough to allow H:GTH  to remain as the 

concentration of threo-diol is reduced. In the latter portion of the curve (higher 

gradient) the threo-diol is not present in significant enough quantity, nor is the binding 

constant of the erythro diol strong enough to effectively to displace the indicator; 

therefore, further reduction in threo-diol causes significant increases in the change in 

absorbance. At the highest [G]t this effect is more pronounced, therefore 100 mM was 

chosen as the optimal concentration for guest set 74 where absorbance differences 

between threo and erythro-diols and hence Z and E alkenes are most distinguishable 

(Figure 2.b). In a similar manner as was carried out for 74TH and 74ER, all six 

remaining guests were analysed in this way, with additional consideration for 

solubility and visual distinction between threo and erythro-samples as described 

previously, the optimal [G]t was chosen for all, producing Table 2.3. In all cases a high 

[G]t was used to promote the colorimetric and visual differentiation between the diol 

enantiomers. 

 

 

Figure 2.34 – Representative screening plate response curves for 74ER and 74TH, buffered 

methanol : acetonitrile solvent (v/v = 1:1), 64 (0.4 mM) and 55 (0.15 mM). a) Response curves 

for 74-diol concentrations 2 mM – 100 mM.  b) Optimal concentration for guest set 74 chosen 

to be 100 mM. 
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Table 2.3 - Optimal concentration of different guest sets for UV-vis plate reader high-

throughput analysis. 

 

 

Ultimately the goal of the project was to distinguish different E/Z alkenes qualitatively 

and quantitatively rather than diols, therefore the next challenge was to directly analyse 

alkenes. Osmium tetroxide (OsO4) is a widely used reagent to dihydroxylate alkenes 

generating vicinal-diols123-127. Under Upjohn conditions, catalytic amounts of OsO4 

can be used to transform alkenes into the respective diols via syn-addition128. The 

alkene first undergoes a [3+2] cycloaddition with OsO4 to form an osmate ester, which 

is readily hydrolysed in aqueous systems, commonly yielding the vicinal-diol in nearly 

quantitative yields129.  

Reaction with meta-chloroperbenzoic acid (m-CPBA) was another potential route to 

the oxidation product, via epoxidation of the double bond, followed by basic a ring 

opening reaction130. OsO4 and m-CPBA routes were appealing as they introduce 

hydroxyl groups in syn and anti-fashion respectively as shown in Figure 2.35a, thereby 

producing the opposite stereochemistry and therefore IDA colour change from the 

same alkene analyte117. The data in Figure 2.35b was generated by first oxidising 

alkenes into the corresponding diols using these two methods, before mixing in 

different ratios in the 96-well plate and analysing; where Z-Fraction means the fraction 

of diol conversion product from the Z alkene produced from OsO4 (black curve) and 

m-CPBA (red curve) in the guest mixture. The mixtures of diols converted from E- 

and Z-alkenes are then mixed with indicator 55 and host 64 in methanol and 

acetonitrile solvent (v/v=1:1, pH 8.1-8.4) in the plate, before reading the absorbance 

on a plate reader at 520 nm. Normalising the data results in two calibration curves 

which inversely complements the other confirming the stereochemical integrity of the 

protocol.  
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Figure 2.35 – a) A representative scheme depicting the two oxidation routes for 71Z/E using 

OsO4 and m-CPBA oxidising agents, producing diols of opposite stereochemistry, b)  IDA UV-

vis plate reader absorption at 520 nm of guest set 71 at different E/Z-alkene ratios (Z Fraction 

means the ratio of diol conversion product from the Z alkene, of [G]t ) after general 

experimental processing when oxidised with OsO4  or mCPBA with added indicator 55 and 

host 64 in buffered methanol and acetonitrile (v/v = 1:1) and their corresponding calibration 

curves. The two curves are normalized by treating the highest absorbance points as 1.0, other 

absorbance numbers decreased proportionately. 

 

Additionally, the use of both as calibration curves for sample analysis allows the upper 

portions of the curves – with the highest dynamic range to be used to accurately detect 

the full range of guest ratios, this is because using the flat portions on the curve where 

the strongest binding analyte is in the majority would lead to an insensitive assay.  

In the case of screening catalyst enantioselectivity or reaction conditions it is 

preferable that the oxidation step be carried out in a high-throughput fashion, giving 

the ability to screen ninety-six reaction products at the same time. Due to this the 

oxidation reaction involving OsO4 was chosen as the one-step reaction could be 

adapted to the deep-well plates. The alkenes and reagents were added to the plate and 

sealed; once the oxidation reaction was complete (overnight-48 hours) the plate was 

processed in the manner outlined in the experimental before 64 and 55 were added to 

analyse the plate contents. To account for incomplete conversion or product losses in 

the processing step, another calibration curve was set up – this time by mixing different 

ratios of the E- and Z-alkenes before oxidising with OsO4 and processing to give diols 

which were visualised using 64 and 55. Curves like those shown in Figure 2.36a and 
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b were used to analyse unknowns for guest sets 71 and 72 respectively, which were 

processed in this same manner. A triplicate of control samples which lacked alkene 

were subjected to the same process as the analytes. The control samples lacked an 

absorbance representative of an alkene in the IDA as expected. This also verified that 

the processing steps removed by-products which would obscure the absorbance result. 

Three unknown mixtures of 71E/71Z, as well as synthetically derived mixtures of 

71E/71Z from a Wittig and E2 reactions were analysed. The unknown mixtures were 

prepared by a fellow researcher before being analyzed blindly, without prior 

knowledge of % Z. Additionally, the actual % Z of the Wittig and E2 reaction mixtures 

were verified via 1H-NMR spectroscopy by a third researcher. The calibration curve 

predicted the content of the unknowns to be 20 %, 77 %, and 91 % 71Z, respectively 

(Figure 2.36b). Additionally, the Wittig and E2 reaction mixtures were predicted to 

have 19% and ~0% 71Z. As further verification of the protocol, three unknown 

mixtures of 72Z/72E were prepared and processed in the stated manner. These were 

analysed and determined to be 50 %, 26 %, and 79 % 72Z. Error between triplicate 

readings was calculated as ±2 % between triplicate readings and the protocol’s average 

absolute error is ±8 % between the predicted and actual Z % values (Figure 2.36d). 
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Figure 2.36 - IDA UV-vis plate reader results at 520 nm of a) guest set 71 E/Z-alkene 

calibration curve and c) guest set 72 E/Z-alkene calibration curve after direct plate 

processing, followed by indicator 55 and host 64 in buffered methanol and acetonitrile (v/v = 

1:1). b) and d) are the predicted results of unknown samples for guest sets 71 and 72 

respectively, where unknowns 1-3 in each case are unknown ratios of Z/E guest, and Wittig 

reaction and E2 elimination reaction are products of mixed stereochemistry of guest set 71 for 

these specified reactions, * indicates Z % quantified by 1H NMR spectroscopy. 

 

2.4. Conclusion and future work 

An IDA protocol was created which successfully distinguishes threo and erythro-diols 

both visually and when analysed quantitatively. The orange and yellow colour changes 

result from the larger binding affinity of threo over the erythro-diol which can be 

altered depending on the end users’ preferences. Customisation of the IDA colour is 

easily brought about by addition of an unreactive dye, rather than synthetic alteration 

of 64/55. The protocol was successfully transitioned into a two-step procedure where 

alkene stereoisomers could be recognised by either OsO4 or m-CPBA/KOH oxidation 

procedures resulting in diols, followed by analysis by the aforementioned IDA. The 
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stereochemical integrity of the protocol was confirmed by the two oxidation routes 

evoking equal and opposite calibration curves, which may be used cooperatively for 

the analysis of samples. The OsO4 oxidation route in particular lent itself to HTS of 

alkene stereoisomers in a 96-well plate format. The alkenes were successfully 

oxidised, processed, and analysed in the plate, where a result could be accurately 

determined for ~ forty mixed Z/E samples in under 48 hours, without the need for 

expensive and technical equipment. Finally, to test the applicability of this IDA 

method for use with real reactions, two reactions; Wittig and E2 elimination producing 

a mixture of Z/E-alkenes have been tested. The assay determined the percentage 

content of Z-alkene of these two reaction products as well as unknown mixtures, with 

an average error consistently less than ±8 %; proving the success of this IDA in the 

quantitative analysis of E/Z mixtures. 

However, there are remaining avenues which would have been explored given 

sufficient time. Firstly, due to time constraints only two out of seven alkene guest sets 

could be analysed by the complete plate processing  procedure, to examine the 

widespread applicability of the protocol these guests and others should be examined. 

Secondly, our goal to analyse fatty acids and the potential of colorimetric assessment 

of poly-unsaturated fatty acids was impeded by solubility issues under the stated 

conditions. To further the utility of the procedure, the IDA solvent choice should be 

reconsidered to make analysis of longer chain fatty acids a possibility.   
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Chapter 3: Host-guest interactions with switchable cyclophanes 

3.1. Introduction 

The background literature on supramolecular switches has been outlined in Chapter 1. 

In this experimental chapter we present the use of a switchable cyclophane host and 

its interaction with various guests. As an introduction, we feature similar hosts and 

their interaction with guests, ultimately discussing the premise of switchable guest 

capture/release, which is the goal for the research presented in this chapter. 

 

3.1.1. Cyclophanes 

Cyclophanes for stoichiometric inclusion of guest molecules in water have been 

previously reported, some being represented in Figure 3.1131,132. The macrocycle 77, 

was the first to be reported by Koga et al., in the aim to design synthetic hosts for 

biomimetic studies131. When dissolved in acidic D2O, the macrocycle gains four 

positive charges on its amino groups and will readily form host-guest interactions with 

anionic species of the correct size and shape. In the case of 78, stereo-centres produce 

a chiral cavity, providing the first example of recognition of chiral guests by a synthetic 

host in water133. 79 is representative of a cyclophane which will dissolve in alkaline 

media and strongly attract cationic guests by interaction with its eight negative 

charges134. However, in 80 where functional groups are modified to CH2SCH2CO2H 

moieties, a protected hydrophobic cavity is produced which allows the inclusion of 

cationic, anionic and neutral hydrophobic guests135.  

 

Figure 3.1 - Water soluble cyclophanes 77/78 for anionic or 79/80 cationic/charged and 

neutral guests. 
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In all the above examples, guest inclusion is easily tracked by upfield or downfield 

shifts in 1H NMR signals. These examples express the benefit of using a synthetic host 

– as functional groups can be added, and functionality modified depending on the 

application. 

A similar cyclophane reported by Daly et al. introduces a redox switchable 

ketone/alcohol moiety which can control the size of the cavity, effectively ejecting or 

capturing a guest on demand136. This behaviour had been reported previously, where 

host conformational changes are considered as a mechanical output delivered by 

molecular machinery, for example the rotation of p-phenylenediamine groups 

producing an open or closed cavity of 81 and 82137-141. However, the structures 83 and 

84 gain utility in the field of molecular logic-based computation (MLBC) and can be 

interpreted as an RS Flip-Flop memory component; where each open or closed state 

representing a 0 or 1 binary digit, is held whether the input stimulus (oxidant/reductant) 

is added in excess or removed entirely. Guest occupancy is indicated by quenching of 

the cyclophane fluorescence via PET, thus giving rise to a downstream logic 

component. Where the inputs are the open/closed state and the addition of guest, 

delivering an output of fluorescent intensity, the assembly can be demonstrative of an 

integrated INHIBIT logic gate142.  

 

Figure 3.2 – Redox switchable cyclophanes for responsive materials 136,137. 
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The pentamethylene chains of the host also increase its flexibility compared with the 

rigid structures of 81 and 82, allowing it to conform to the shape of the guest, for a 

better fit143. 81 and 82 are not suited for operation in water. 83 and 84 are referred to 

as cyclophane [2+2]-hosts because they possess two alkyl chain linkers and two 

diphenylmethane/ diphenylmethanol/ benzophenone corners. 

 

3.1.2. Guests 

It is known that cyclophanes produce inclusion complexes with shape-complementary 

organic guests in aqueous solutions, necessitated by mutual hydrophobicity144. A 

driving force of guest inclusion is also electrostatic attraction134. For the purposes of 

this thesis, we will be exploring cationic guests and their associations with a 

switchable, water soluble anionic host. By examining guests of various shapes and 

sizes we can establish the host’s preference for each and discern the requirements for 

guest inclusion; some guests are introduced in the following sections145. 

 

3.1.2.1. Diammonium compounds 

The de Silva group has extensive experience with amine constituents in the 

construction of logic gates for molecular computation applications, also as sensors for 

edge detection2,6,146,147. Naphthalimide structures have been reported as PET-sensors 

for ions148,149. In modern times the groups’ goal has been to catch molecules, rather 

than ions and to this end aromatic diammonium compounds were investigated as 

guests. These compounds have a bulky hydrophobic centre, and two positively charged 

ends. This geometry is expected to drive their inclusion within the hydrophobic cavity 

of the anionic cyclophane hosts, where together they form a pseudo-rotaxane structure.  

Previously the group has shown all-or-nothing inclusion with small aryl diammonium 

compounds where guest occupancy is indicated by host fluorescence136. Naphthalene 

bisimides (NBIs) are a class of brightly coloured compounds which can also have the 

complementary structure identified, giving them the potential to interact with the 

switchable anionic cyclophane hosts. Due to the conjugated nature of NBIs they emit 

in the visible and N-IR spectrum, with functional groups added to tune their fluorescent 

properties150.  Both examples of aryldiammonium compounds are electron deficient 
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and can participate in PET with electron rich donors, therefore may favourably interact 

with electron rich aromatic hosts151. Such molecules e.g., 85, self-assemble in solution 

and have been utilised to construct supramolecular structures152-154. Specifically NBI 

compounds have demonstrated the ability to form extended π-stacks (Figure 3.3), 

through the interaction of the hydrophobic naphthalene cores giving rise to 

supramolecular nanotubes and interesting conducting materials155,156. It is therefore 

possible that the addition of a switchable cyclophane host to solutions of NBI could 

selectively collapse and reform these supramolecular structures by issuing the 

capture/release command i.e., reduction/oxidation of host. However, due to the nature 

of the π-stacking interaction, this class of compounds have issues with solubility and 

uncontrolled aggregation in H2O solutions, which force many analyses to be carried 

out in organic solvents which may limit their use in biological applications154. 

 

 

Figure 3.3 – Simplification of π-stacking interactions of 85 in aqueous media, giving rise to 

conducting materials156. 

 

3.1.2.2. Ruthenium(II) polypyridyl compounds 

The geometry of ruthenium(II) centred polypyridyl complexes vary significantly from 

those of aryl diammonium compounds. They form large, spherical-like structures, and 

for these reasons they have not been investigated with cyclophane [2+2]-hosts which 

have a small cavity size and affinity for smaller, flatter guests136,157. Tris(bipyridyl) 

ruthenium(II) and tris(phenanthroline) ruthenium(II) specifically are interesting as 

they are commercially available, and their luminescent properties have been well 

documented. Additionally, both are cationic complexes, with three hydrophobic 

ligands which may provide sites to which cyclophane [2+2]-hosts can bind. The 

excitation and subsequent luminescence emission of polypyridyl ruthenium 
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compounds is explained from the viewpoint of orbital energy states in  Figure 3.4.   

When the complex is excited an electron is promoted from the HOMO, for these 

compounds the t2g orbital belonging to the ruthenium(II) metal, to the LUMO, which 

is the π* orbital of the ligands; this transition gives rise to the metal-to-ligand charge 

transfer (MLCT) band that is present in the absorption spectra. One of the deactivation 

pathways which the excited state can undergo is intersystem crossing to the triplet 

state, from which its deactivation back to the singlet ground state by phosphorescence 

is disallowed. However, due to the heavy atom effect, the selection rule for overall 

spin is eased and phosphorescence will occur gradually and slowly, resulting in long 

excited state lifetimes. This phosphorescence will be referred to as luminescence 

throughout this thesis. 

As discussed, ruthenium(II) complexes have interesting photophysical properties 

which can be employed for a range of applications, making these guests an interesting 

goal for manipulation with a supramolecular host; some applications are explained in 

more detail in the following sections. 

 

 

Figure 3.4 - The electronic transitions involved in the excitation and subsequent luminescence 

emission of polypyridyl ruthenium(II) compounds, where 1GS = ground state, MLCT = metal 

to ligand charge transfer, 1MLCT = singlet MLCT state, 3MLCT = triplet MLCT state 158. 

 

3.1.2.2.1. Light harvesting for energy 

In the push to move away from burning fossil fuels as our sole means of energy, 

ruthenium complexes play an important role in improving the efficiency of energy we 

utilise from the sun13. Trisbipyridyl ruthenium(II) derivatives like 86 shown in Figure 

3.5 are adsorbed on to semi-conductor materials where they act as sensitisers, 

absorbing photons from sunlight  and producing an excited triplet state as explained 
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previously; an electron transfer occurs from I- in solution to this excited state so that 

an electron is then passed on through the TiO2 substrate forming a current and 

ultimately creating a means of power159. The addition of the ruthenium(II) sensitiser 

improves the efficiency of the process by absorbing blue photons which are ignored 

by TiO2 and allows more of the sun’s energy to be utilised. 

 

 

Figure 3.5 – Bipyridyl ruthenium(II) derivative, 86 for the sensitisation of solar cells159. 

 

Light-harvesting as a means of catalysis is also being explored as a route to clean 

energy. Mimicking the natural process of photosynthesis photochemical components, 

for example 87’s ruthenium(II) centre captures the sun’s energy and funnels it on to 

its ruthenium(III) constituent in a downhill process. An electron transfer process is 

also feasible. These continually occur and ideally one could use both processes in 

electron-demanding catalytic processes like producing H₂ fuel from H₂O160. 

 

 

Figure 3.6 – Mixed valence ruthenium bipyridyl-derivative, 87 for artificial photosynthesis 

applications160. 
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3.1.2.2.2. Photochemical devices in medicine 

 Cisplatin, [Pt(Cl₂)(NH₃)₂] is a famous example of an inorganic cancer treatment, its 

mode of action includes losing its chloride ions intracellularly before irreversibly 

binding to DNA, causing damage, and leading to cell death. Although successful for 

some, it was not a successful treatment for a range of cell-types and its reduced 

specificity can cause unpleasant side effects161. Considering these factors, ruthenium 

compounds were proposed as a suitable improvement to cisplatin. Ruthenium shows 

promise as a therapeutic agent due to its stable electron configuration, it is inert while 

passing through the body towards the site where it is required. Ruthenium compounds 

are also capable of acting as photodynamic agents, whose intracellular activity is 

switched on in the presence of light, this property is utilised in photodynamic therapy 

(PDT)158,162. Upon reaching the site of disease the ruthenium(II) complex is excited by 

light, the promoted electron populates the π* anti-bonding orbital of the ligands which 

will allow exchange of ligands to occur more easily forming the active molecule. 

Additionally, polypyridyl ruthenium(II) complexes are employed to act as sensitisers 

and deliver high energy triplet states for the conversion of triplet O₂ to reactive oxygen 

species (ROS); these are cytotoxic and lead to death of the cancer cell. The benefit of 

using PDT is that cancer tissue can be targeted by illuminating the region of the tumour 

only, additionally it may train the immune system to fight against defective tissue 

reforming163.  

Two examples of modified ruthenium(II) polypyridyl complexes for DNA cleavage 

are provided in Figure 3.7, including 88, a hybrid between the ruthenium(II) complex 

and the cisplatin molecule. The benzoquinoxaline ligand of the ruthenium metal targets 

the hydrophobic pocket between DNA base pairs, while the cisplatin moiety can 

covalently bond to the nitrogen donors of nucleobases. In the presence of light, the 

ruthenium sensitiser will deliver ROS which cleaves the DNA structure and leads to 

cell death164.  

Another example includes an appended naphthalimide structure, 89, which acts as the 

intercalating component165. With added DNA the luminescent intensity of 89 is 

enhanced, being associated with the hydrophobic base pairs by π-stacking interactions. 

When irradiated with light > 390 nm under aerobic conditions, DNA is efficiently 

cleaved in 5 minutes. With the results showing that the naphthalimide constituent of 
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89 promotes photocleavage to a greater degree compared with the ruthenium(II) 

bipyridyl complex alone. 

 

Figure 3.7 - Hybrid Ru(II) bipyridyl complexes, 88 and X for the cleavage of DNA164,165. 

 

Cancerous tissue tends to have a low pH and oxygen concentration and a reducing 

intracellular environment, additionally the tissue tends to be more permeable to 

macrocyclic compounds than healthy tissue. A drug or photochemical device can be 

programmed to seek these conditions, and hence improve selectivity for diseased cells. 

One example of a ruthenium complex which is reported to function in this way is 90 

or KP1019, which has been selected to enter clinical trials due to its anticancer 

activity166. This complex shown in Figure 3.8, features a ruthenium(III) metal centre 

which is inactive travelling through the bloodstream and in the presence of healthy 

tissue. However, upon reaching the reducing environment of the cancerous tissue, it is 

reduced to the active ruthenium(II) form where it can specifically deliver its cytotoxic 

effects, believed to be causing DNA cross-links and damage.  
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Figure 3.8 -KP1019, 90 a targeted anticancer drug in current trials166 

 

3.1.2.2.3. Intercalating sensors 

Barton elucidated the nature of binding between trisbipyridyl and trisphenanthroline 

ruthenium(II) complexes as intercalating within the base pairs of DNA167,168. Later 

Barton, Sauvage and colleagues together synthesised ruthenium(II) derivatives 

featuring dipyridophenazine (dppz) ligands like 91 and 92 shown in Figure 3.9, whose 

extended π-systems provided better overlap for DNA intercalation169. This led to a 

marked switch-on of luminescence when the complex is intercalated within DNA, 

whereas the unbound complex exhibited near-zero luminescence. The luminescence 

emission of the 3MLCT state of [Ru(bpy)3]
2+ and [Ru(phen)3]

2+
  is particularly 

vulnerable to quenching in aerated, aqueous solutions due to its extended lifetime. The 

mechanism for deactivation includes vibrational coupling of H2O and O2 molecules to 

the excited triplet state, enhancing the rate of non-radiative internal conversion to 

ground state. In addition, ground state 3O2 molecules can induce charge-transfer 

deactivation of the 3MLCT state, resulting in singlet O2 formation, as well as 

experiencing H-bonding from H2O to the ligand on which the 3MLCT charge is 

primarily located170,171. For these reasons inclusion within hydrophobic structures is 

effectively demonstrated by luminescence enhancement, where water and O2 

molecules are sterically hindered from approaching the ruthenium complex and 

therefore quenching is reduced.  
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Figure 3.9 – Complexes 91, [Ru(bpy)2dppz]2+ and 92 [Ru(phen)2dppz]2+ designed by Barton 

and Sauvage for intercalation with DNA resulting in luminescent switch-on. Where bpy = 2,2′-

bipyridine and phen = 2,2′-phenathroline169. 

 

The characteristic luminescent enhancement of polypyridyl ruthenium(II) compounds 

upon addition of DNA has resulted in their use as sensors for identifying DNA base 

pair mismatches, mutations and pre-cancerous cells170. The [Ru(bpy)2dppz]2 complex 

91 was demonstrated to provide a 2.5 fold increase of luminescence emission in the 

presence of the most destabilised DNA base pair mismatches, compared with standard 

DNA172. 

 

3.2. Aims 

The concept of redox switchable macrocycles as hosts for small molecules has been 

discussed in the context of molecular logic-based computation, with a cyclophane 

[2+2]-host (83/84) acting as a memory component with downstream logic function136. 

Larger examples of cyclophane [3+3]-hosts with functional group variations have also 

been reported173,174. 

This chapter concerns the [2+2]-version of macrocycles in this series with the addition 

of eight carboxylic acid functional groups. Past guests are examined along with new 

examples of guests, allowing structural-binding relationships to be discussed157. It is 

the goal of the author to link the insights gained from these related projects to deliver 

a wider picture concerning the cyclophane hosts and the structural properties they 

possess which make guest inclusion possible under physiological conditions. It is only 

with the full picture that we can begin to accurately predict and engineer binding events 
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which may in the future deliver responsive materials, diagnostic and therapeutic 

agents175. 

 

3.3. Synthesis of cyclophane [2+2]-hosts 

In the beginning of this chapter the RS Flip-Flop molecular memory component was 

introduced, having a similar structure and synthesis as the hosts associated with this 

thesis, structures 101, 102 and 103136. These structures are synthesised in the manner 

outlined below (Scheme 3.1), which originated from the work of Daly176. As alluded 

to previously, the hosts are referred to as [2+2] cyclophane macrocycles, due to 

addition of two benzophenone units 97, together with two carbon chain linkers which 

give the overall macrocycle.  

 

 

Scheme 3.1 – Synthetic scheme for [2+2]-macrocyclic hosts 101, 102 and 103. 

 

The most demanding transformation of the scheme is the intermolecular 

macrocyclization step producing molecule 100, when carried out under high dilution 

a yield of ≈ 30 % is achieved177. For this step, a funnel with a long drawn-out tip 

dipping below the liquid surface is employed to deliver a tiny, steady stream of 
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reactants to the solvent, maintained under the reaction conditions specified in the 

experimental section178. In this manner, molecule 98 is diluted and encouraged to 

produce a single molecule of 99, rather than forming the polymeric structure which 

equates to the loss of 70 % of the yield179. 

 

3.4. Spectroscopic analysis of host-guest mixtures 

3.4.1. Critical aggregation concentrations 

Hydrophobic interactions and π-stacking of aromatic host molecules are prevalent in 

H2O and are detrimental to the study of individual molecules and their interactions 

with guests180. Due to these phenomena, a critical aggregation concentration (CAC) 

must be determined for each host, below which lone molecules can be analysed. To 

investigate this principle 1H NMR was employed. Chemical shifts of chosen proton 

signals are plotted as a function of host concentration to determine the CAC for each 

[2+2]-macrocycle. 

Basic 0.1 M NaOD/D2O solutions facilitated the dissolution of the host compounds 

whose concentrations ranged from 0.5 – 10 mM. The curved portions of the CAC plots 

(Figure 3.10) give evidence to host aggregation at these concentrations, thus analysis 

must only take place at concentrations where chemical shifts plateau – here the 

molecules behave independently of each other. The CAC values for macrocycles 101, 

102 and 103 are 2 mM, 1.9 mM and 1 mM respectively. Thus, throughout the 

remaining experimentation host concentration was maintained at 1 mM or below. 
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Figure 3.10 – Chemical shifts (δ) of OCH2 protons in 0.1 M NaOD/ D2O for the calculation 

of CAC where a, b and c involve macrocycles 101, 102 and 103 respectively.  

 

3.4.2. Binding constant studies with aryl diammonium guests  

Hosts 101 and 103, have sp3 hybridised bridging carbons which allow the phenylene 

rings to stand in an upright position, giving rise to an ‘open’ envelope shaped cavity, 

of internal diameter ca. 5.2 Å136. Molecule 102 differs, as it has an sp2 hybridised 

carbon which influences the phenylene rings to orientate planar to the macrocycle 

cavity, resulting in a ‘closed’ host cavity with a smallest internal diameter of ca. 0.3 

Å136. Due to the open macrocycles’ cavity shape, we predicted small and flat cationic 

guests which form mutual hydrophobic complexes would associate reasonably well. 

Therefore, our primary investigations involved diammonium guest molecules 104–

107. 
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3.4.2.1. NMR spectroscopy 

Guest 104 was previously investigated with cyclophanes similar to but more 

hydrophobic than 101-103, where it produced all-or-nothing binding with the open and 

closed hosts, respectively exhibited by 1H NMR spectroscopy136. Due to this previous 

investigation, 104 was previously synthesised in the manner stated in literature176,181. 

Our preliminary investigations required 0.1 M NaOD/D2O pD13 solutions to 

completely dissolve host 101-103. Under these conditions guest 104 was found to be 

stable and binding studies were carried out using 1H NMR, via a dilution method. 104 

was mixed with host 101-103 in a 1:1 ratio, before annealing at 60°C for one hour – a 

step which was included to overcome any small kinetic traps and to facilitate better 

mixing of the host and guest entities182. The dilution method entails mixing of host and 

guest at a maximum concentration of 1 mM, and subsequent dilutions are formulated 

until the analysed compound peaks cannot be distinguished. At these lower 

concentrations, high dilution prevents the interaction of host and guest species, which 

behave as if alone in solution. This variation in signal chemical shift (Δδ) can be 

observed between 101 and 104 in Figure 3.11. Figure 3.12 and Figure 3.13 show the 

maximum extent of Δδ value only with guest 104 and hosts 102 and 103 respectively. 
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Figure 3.11 – 1H NMR of 101 and 104, the host and guest alongside the full dilution experiment 

of host guest mixtures (A: 1 mM, B: 0.5 mM, C: 0.2 mM, D: 0.1 mM, E: 0.05 mM, F: 0.01 mM, 

G: 5 x 10-3 mM, in 0.1 M NaOD/D2O), where red and black arrows highlight the maximum Δδ 

value of host and guest protons respectively.  

 

 

Figure 3.12 - 1H NMR spectra of 102 and 104, the host and guest spectra with host and guest 

mixture all 1 mM, 0.1 M NaOD/ D2O, where red and black arrows highlight the maximum Δδ 

value of host and guest protons respectively. 
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Figure 3.13 - 1H NMR spectra of 103 and 104, the host and guest spectra with host and guest 

mixture all 1 mM, 0.1 M NaOD/ D2O, where red and black arrows highlight the maximum Δδ 

value of host and guest protons respectively. 

 

1H NMR spectroscopy experiments can be inspected qualitatively to give information 

on the most displaced signals and therefore the orientation of the host-guest complex 

can be gleaned13. Visually it can be seen that the open macrocycles 101 and 103 induce 

greater shifts in the 1H NMR spectra, than the closed variation, 102. Thus, highlighting 

the greater interaction between host and guest in the former pair of macrocycles. In the 

cases of 101 and 103, the aromatic ring and pentamethylene chain hydrogens appear 

to receive the largest complexation-induced effects from the guest. Figure 3.14 depicts 

the structures and proton chemical shift assignments, under which induced chemical 

shift changes (Δδ) are displayed. Positive Δδ describe signals which are moved 

downfield as a result of deshielding, negative Δδ are moved upfield due to shielding 

interactions. Shielding of pentylamethylene protons by 104 induces significant 

negative Δδ values on hosts 101 and 103; suggesting that the face of the guest aromatic 

ring is facing the affected protons. Here the induced magnetic field caused by the π-

electron ring current results in a shielding effect183. In agreement to this orientation, 

the arene protons are slightly deshielded by the diamagnetic ring currents, suggesting 

the guest is edge-on to the host aromatic ring faces184. Finally, guest inclusion has 

essentially zero influence on the corner-piece i.e., diphenylmethane proton(s), 

explained as these are farthest from the guest molecule, feeling little-to-none of its 

deshielding current. These perturbations in chemical shifts are not mirrored in host 
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102, where Δδ values → 0. Although some cation-π complexes are observed between 

similar aromatic hosts and diammonium compounds185, these Δδ maps agree with the 

previous literature on cyclophane [2+2] hosts and suggest 104 binds inclusively in an 

endo orientation with 101 and 103, while host 102 exhibits little attraction to the 

guest136,186. 

 

Figure 3.14 – Structures of hosts 101–103 and guest 104 with their maximum Δδ values at 1 

mM concentrations. Protons have been assigned with chemical shifts and induced chemical 

shift changes (Δδ), whose error = ± 0.02 ppm. Solutions made in 0.1 M NaOD/D2O and 

annealed for 1 hour at 60°C. 

 

The data can also be interpreted quantitatively to give the binding constant (Logβ) 

between host and guest, which is calculated according to Equation 3.8, where the 

concentrations of both the host and guest are ‘a’121. This necessitates the use of the 

maximum Δδ, however, in these experiments we are restricted to finding Δδ under the 

CAC threshold of 1 mM. To overcome this an extrapolation procedure was applied 

where Δδ values exceed the error threshold of 0.02 ppm, which assumes the general 
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variation in chemical shifts occurs over two Log units of concentration (Figure 

3.15)157. 

𝐿𝑜𝑔10 [

𝛥𝛿

𝛥𝛿𝑚𝑎𝑥

(1−
𝛥𝛿

𝛥𝛿𝑚𝑎𝑥
)

2 ] = Loga + Logβ 

- Equation 3.8 

 

Figure 3.15 – Extrapolation procedure applied to 1H NMR spectral data where a) plot of 

induced chemical shifts of host 101, peak a in the presence 104 and the extrapolated X term, 

b) calculation using X as Δδmax,, where y = log10[(Δδ/ Δδmax)/(1-(Δδ/ Δδmax))
2] and c) plot of y 

against Log[Host], where the intercept of the straight line is divided by its slope to give Logβ, 

which here is 3.6, error ± 0.1. 

 

The Logβ values displayed in Table 3.4 are in agreement with the qualitative 

assessment, suggesting that there is little interaction of 102 with 104, while hosts 101 

and 103 interact to a similar extent with Logβ values of 3.4 and 3.6 respectively. 
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Table 3.4 – Δδ values of 1H NMR signals and binding constants (β, in M-1 units, 

reported as Logβ values) of guest 104 with hosts 101–103, in 0.1 M NaOD/D2O. 

 

Where * indicates where the property change was too small to estimate a value and – means 

the property was indeterminable in the concentration range studied, so Logβ < 2. Δδ error = 

0.02 ppm, Logβ error = ± 0.1. 

 

We wished to replicate this case of selective binding in water, under neutral conditions 

to replicate physiological conditions and explore the effect of pH on Logβ. The 

procedure involved dissolving the hosts in 0.1 M NaOD/D2O as described previously 

followed by dropwise addition of D3PO4 until pH 7 was reached. All other stock 

solutions were dissolved in D2O, pD 7 (0.1 M phosphate buffer) and mixtures were 

formulated in the same manner as those in the previous experiments. The resulting Δδ 

maps are shown in Figure 3.16, showing approximately the same magnitude and 

pattern of perturbation as the data collected under basic conditions. The calculated 

Logβ values shown in Table 3.5 are constant or slightly raised at pD 7, which suggests 

that the interaction of 104 with hosts 101 and 103 is independent of host charge, and 

that hydrophobic forces are the driving force for guest inclusion. Host charge is 

expected to be nearly -8 in alkaline solution whereas it should become less negative at 

pD 7 as some carboxylate units get protonated. Similar behaviour is known for 

polyacrylic acid187. 
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Figure 3.16 - Structures of hosts 101–103 and guest 104 with their maximum Δδ values at 1 

mM concentrations. Protons have been assigned with chemical shifts and induced chemical 

shift changes (Δδ), whose error = ± 0.02 ppm. Solutions made in D2O, pD 7 (0.1 M phosphate 

buffer) and annealed for 1 hour at 60°C. 
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Table 3.5 – Δδ values of 1H NMR signals and binding constants (β, in M-1 units, 

reported as Logβ values) of guest 104 with hosts 101–103, in D2O, pD 7 (0.1 M 

phosphate buffer). 

 

Where * indicates where the property change was too small/inconsistent to estimate a value 

and – means the property was indeterminable in the concentration range studied, so Logβ < 

2. Δδ error = 0.02 ppm, Logβ error = ± 0.1. 

 

In a similar way guests 105–107 were investigated, however, were found to be unstable 

under basic conditions, leading to the Hoffman elimination of ammonium group(s)188. 

All experimentation henceforth was carried out at pD 7. Guests 105-107 also exhibited 

aggregation issues under the specified conditions which is commonly observed in 

aqueous conditions189,190. Figure 3.17 tracks the aggregation of the aryl diammonium 

guest mixtures with host 101, as concentration is increased from 0.005 to 1 mM. The 

largest signal shifts are exhibited by the aromatic protons of the guest molecules, which 

experience π-stacking interactions with each other and the aromatic host molecules in 

solution191.  
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Figure 3.17 – Left: 1H NMR spectral excerpts showing changes in aromatic signals from host 

101 and guests 105–107 alone at 1 mM, and (1:1) mixed samples below ranging from 0.005 – 

1 mM, in pD 7 (0.1 M phosphate buffer). Right: the variance of Δδ of the guests 105-107 

aromatic signal plotted against p[Host]. 

 

Because of this complication guests 106 and 107 could not be studied further however, 

some information could be obtained from guest 105 at concentrations < 0.2 mM, where 

aggregation was not present. Due to the dilute solutions of host-guest mixtures 

required, a minority of the shifts overcome the 0.02 ppm error threshold as seen in 

Figure 3.18. This is true for all Δδ signals of the closed macrocycle 102 and guest 105. 

Δδ maps of hosts 101 and 103 with guest 105 share largely the same pattern of Δδ as 

those reported for the smaller diammonium guest 104. This suggesting that the larger 

guest 105 orients in an endo orientation with the faces of the guest shielding the 
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pentamethylene chains of the host, and the positively charged ammonium groups 

jutting out either side of the host ring.  

 

 Figure 3.18 -Structures of hosts 101–103 and guest 105 with their maximum Δδ values at 0.2 

mM concentrations. Protons have been assigned with chemical shifts and induced chemical 

shift changes (Δδ), whose error = ± 0.02 ppm. Solutions were made in D2O, pD 7 (0.1 M 

phosphate buffer) and annealed for 1 hour at 60°C. Where * indicates an unobservable signal. 

 

The Logβ data shown in Table 3.6 were calculated using the extrapolation procedure 

and are merely an estimate due to the low concentrations of host and guest necessary 

for the binding experiment. Open macrocycles 101 and 103 exhibit a similar binding 

affinity for the guest of 3.6 and 3.7 respectively, while negligible association between 

closed host 102 and guest 105 resulted in an indeterminable Logβ. 

The overall deductions from the NMR spectral binding experiments are that open hosts 

101 and 103, can form inclusive interactions with shape complementary flat aromatic 

guests 104 and 105, as demonstrated in Figure 3.19. The driving force behind 
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complexation is believed to be mutual hydrophobicity as evidenced by similar Logβ 

values in pH13 and pH7 media. 

Table 3.6  – Δδ values of 1H NMR spectral signals and binding constants (β, in M-1 

units, reported as Logβ values) of guest 105 with hosts 101–103, in D2O, pD 7 (0.1 M 

phosphate buffer). 

 

Where ⁃ indicates an unobservable signal, * indicates where the property change was too 

small to estimate a value and – where the property was indeterminable in the concentration 

range studied, so Logβ < 2. Δδ error = ± 0.02 ppm, Logβ error = ± 0.1. 

 

By interpretation of the Δδ maps it can be concluded that both 104 and 105 orient in a 

similar way within 101/103 cavities where guests’ face-on interactions with the host 

pentamethylene chains induces significant negative Δδ, creating a pseudo-rotaxane 

structure when combined. In contrast the collapse of the hydrophobic cavity of host 

102 allows no such interaction to exist with both guest molecules which is in 

agreement with literature previously reported136. 
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Figure 3.19 – Schematic representations of complexes including guest 104/105 (blue) with 

hosts 101/103 (grey), where the carboxylate groups are omitted for clarity. 

3.4.2.2. UV-Vis absorption spectroscopy 

UV-vis absorption spectroscopic titration allows the determination of Logβ by 

examining the change of absorption as concentration of the titrant is increased13. π- 

stacking or charge transfer (CT) between the electron rich host and electron deficient 

guest molecules may be evidenced by changes in absorption spectra. In favourable 

cases, the former route leads to lowered absorbance192 while the latter leads to red-

shifts193. These changes are best shown in 1:1 mixtures of host and guest in their 

maximum concentrations where absorbance < 1.5194. Due to the greater degree of π-

delocalization within the chromophores of the hosts 101-103, they will absorb at 

greater wavelengths than that of guest 104, therefore the regions 280-290 nm, the 

maximum absorption wavelengths of the hosts, are studied to detect absorbance 

variations. Contrastingly, guest 105 is a brightly coloured compound with absorbance 

maxima at  342 nm, 360 nm and 382 nm. As host and guest absorption regions do not 

significantly overlap, variations are investigated in both 280-290 nm and 360/382 nm 

regions. Figure 3.20 and Figure 3.21 below show the absorption spectra of host and 

guest 104/105 mixtures respectively and their comparison to hypothetical mixtures 

where the separate component spectra are summed arithmetically.  In the case of guest 

104, these comparisons show that the absorption spectra are not sensitive to the CT 

between the former and 101-103, and therefore binding interactions cannot be detected 

in this manner. Similarly, interaction has been reported as undetectable by UV-vis 

absorption spectra in host-guest complexes with similar guests, in contrast to 

detectable changes via NMR spectroscopy136,153.  

In the case of guest 105, experimentally observed mixtures with hosts 101/103 are 

slightly altered in absorbance compared with the hypothetical mixtures whereas 102 is 
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fully unaffected. Small, quantifiable changes in the absorption spectra of 105 are also 

observed with a similar cyclophane [2+2]-host157.  However, in this case these changes 

were minute and did not exceed the error threshold of 0.01 absorbance units, therefore 

the UV-vis titration spectra could not be further analysed. 

 

 

Figure 3.20 – UV-vis absorption spectra of 104 with hosts 101-103, in (1:1) ratios, compared 

with their hypothetical mixtures calculated by the summation of the host and guest alone. 

Where [101/103] = 0.1 mM, [102] = 0.02 mM, solutions made in 0.1 M NaOH/H2O and 

annealed for 1 hour at 60°C. 
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Figure 3.21 - UV-vis absorption spectra of 105 with hosts 101-103, in (1:1) ratios, compared 

with their hypothetical mixtures calculated by the summation of the host and guest alone. 

Where [101/103] = 0.01 mM, [102] = 2 x 10-3 mM, solutions were made in H2O, pH 7 (0.1 M 

phosphate buffer) and annealed for 1 hour at 60°C. 

 

 

3.4.2.3. Luminescence emission spectroscopy 

Luminescent titration experiments are carried out by measurement of the luminescent 

intensity of a constant concentration of a luminescent species in solution while the 

titrant concentration is gradually increased. This technique is much more sensitive 

than NMR or UV-vis spectroscopic analyses and so the possibility of displaying 

binding-induced luminescence variations is more promising13. In studies involving 

guest 104, the region of maximum dynamic range for each host (330-450 nm) was 

studied while guest concentration was varied. Each intensity reading was validated 

by the subsequent reading, otherwise it was repeated. The optimal concentration 

range of guest should produce a sigmoidal curve when plotted luminescent intensity 

vs. p[concentration], resulting in plateaus at regions of high and low concentration. 

Where the observed variation of luminescent intensity is under two Log units of 

concentration the extrapolation procedure described previously is applied. The 

luminescent intensity plots can be further processed to give Logβ values by applying 

Equation 3.9195. In the case of guest 104, a represents the variable concentration of 
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guest and b the concentration of host which is held constant. When plotted as a 

straight line the y-axis intercept divided by the slope gives Logβ. The raw 

luminescent spectra of guest 104 with hosts 101-103 under basic or neutral 

conditions, along with the processed plots are provided in Figure 3.22 – Figure 3.27. 

For simplicity, the following captions are not repeated in full, instead use Figure 3.22 

for reference. 

 

𝐿𝑜𝑔 [
(𝐼𝑙𝑢𝑚𝑚𝑎𝑥 − 𝐼𝑙𝑢𝑚)

(𝐼𝑙𝑢𝑚 −  𝐼𝑙𝑢𝑚𝑚𝑖𝑛)
] = 𝐿𝑜𝑔𝛽 + 𝐿𝑜𝑔 {𝑎 − [

𝑏

(𝐼𝑙𝑢𝑚 −  𝐼𝑙𝑢𝑚𝑚𝑖𝑛)
(𝐼𝑙𝑢𝑚𝑚𝑎𝑥 −  𝐼𝑙𝑢𝑚)

+ 1
]} 

- Equation 3.9 

Where a = concentration of variable species, b = concentration of constant species, Ilum = 

luminescence intensity, Ilummax = maximum value of Ilum, Ilummin = minimum value of Ilum. 

 

Figure 3.22 – Left: luminescence emission spectra of 101 (5.5 x 10-2 mM) excited at 287 nm 

with 104 (A: 5 x 10-4 mM, B: 1 x 10-3 C: 3 x 10-3 mM, D: 0.01 mM, E: 0.03 mM, F: 0.06 mM, 

G: 0.1 mM, H: 0.15 mM, I: 0.3 mM), solutions made in 0.1 M NaOH/H2O and annealed for 1 

hour at 60°C. Right: data processed from the luminescence intensity at 400 nm, where Logβ 

= 3.7, error = ± 0.1, 𝑥 =  −𝐿𝑜𝑔(𝑎 − 
𝑏

𝐼𝑙𝑢𝑚𝑚𝑎𝑥−𝐼𝑙𝑢𝑚
𝐼𝑙𝑢𝑚−𝐼𝑙𝑢𝑚𝑚𝑖𝑛

+1
),  𝑦 =  𝐿𝑜𝑔(

𝐼𝑙𝑢𝑚𝑚𝑎𝑥−𝐼𝑙𝑢𝑚

𝐼𝑙𝑢𝑚− 𝐼𝑙𝑢𝑚𝑚𝑖𝑛
), a = 

concentration of guest, b = concentration of host, Ilum = luminescence intensity, Ilummax = 

maximum value of Ilum, Ilummin = minimum value of Ilum. 
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Figure 3.23 – Left: luminescence emission spectra of 102 (5.5 x 10-2 mM) excited at 290 nm 

with 104 (A: 5 x 10-4 mM, B: 3 x 10-3 mM, C: 0.1 mM, D: 0.3 mM, E: 1 mM), solutions made 

in 0.1 M NaOH/H2O. Right: data processed from the luminescence intensity at 406 nm, where 

Logβ = not determinable.
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Figure 3.24 – Left: luminescence emission spectra of 103 (5.5 x 10-2mM) excited at 287 nm 

with 104 (A: 1 x 10-3 mM, B: 3 x 10-3 mM, C: 0.01 mM, D: 0.03 mM, E: 0.05 mM, F: 0.1 mM, 

G: 0.15 mM, H: 0.3 mM, I: 0.5 mM, J: 1 mM, K: 1.5 mM, L: 3 mM), solutions made in 0.1 M 

NaOH/H2O. Right: data processed from the luminescence intensity at 426 nm, where Logβ = 

3.4, error = ± 0.1. 

 

As observed in the luminescent spectra the presence of guest 104 under basic and 

neutral conditions (look ahead) leads to complexation induced luminescent quenching 

of hosts 101/103. The quenching of host emission is likely caused by photoinduced 

transfer (PET) from the excited state of the host to the electron deficient guest 

molecule196. Being an aromatic ketone host 102 is poorly fluorescent compared with 

the 101/103 alternatives, due to the intersystem crossing of the n-π* singlet excited 

state to the π-π* triplet state occurring easier, leading to a faster rate of deactivation of 

the fluorescent state; as stated by El-Sayed’s rule197. Phosphorescence from the π-π* 

triplet state are not observable by luminescence emission spectroscopy under these 

conditions. Due to this the luminescent spectra appear to be noisier compared with the 

previously observed luminescent emission profiles of 101 and 103, despite this it is 

clear  there is not any significant luminescent quenching with addition of guest, which 

suggests there is no binding within this concentration range, in agreement with NMR 

studies.  
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Table 3.7 shows the Logβ data for guest 104 and hosts 101-103 under basic and neutral 

conditions. Luminescent quenching factors (L.Q.) are also supplied which were 

calculated experimentally and by the specified extrapolation procedure. 

 

 

Figure 3.25 -  Left: luminescence emission spectra of 101 (5.5 x 10-2mM) excited at 287 nm 

with 104 (A: 5 x 10-4 mM, B: 1 x 10-3 mM, C: 3 x 10-3 mM, D: 0.01 mM, E: 0.05 mM, F: 0.1 

mM, G: 0.2 mM, H: 0.3 mM, I: 0.5 mM, J: 1 mM, K: 1.5 mM, L: 3 mM), solutions were made 

in  H2O, pH 7 (0.1 M phosphate buffer). Right: data processed from the luminescence intensity 

at 425.5 nm, where Logβ = 3.3, error = ± 0.1. 
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Figure 3.26 -  Left: luminescence emission spectra of 102 (5.5 x 10-2mM) excited at 290 nm 

with 104 (A: 1 x 10-3 mM, B: 3 x 10-3 mM, C: 0.01 mM, D: 0.03 mM, E: 0.1 mM, F: 0.15 mM, 

G: 0.3 mM, H: 0.5 mM, I: 0.6 mM, J: 1 mM, K: 3 mM), solutions were made in H2O, pH 7 (0.1 

M phosphate buffer). Right: data processed from the luminescence intensity at 427 nm, where 

Logβ = not determinable. 

 

 

Figure 3.27 – Left: luminescence emission spectra of 103 (5.5 x 10-2mM) excited at 287 nm 

with 104 (A: 0.05 mM, B: 0.1 mM, C: 0.2 mM, D: 0.3 mM, E: 0.5 mM, F: 1 mM, G: 1.5 mM, 

H: 3 mM), solutions were made in H2O, pH 7 (0.1 M phosphate buffer). Right: data processed 

from the luminescence intensity at 427 nm, where Logβ = 3.3, error = ± 0.1. 
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Table 3.7 – Binding constants (β, in M-1 units, reported as Logβ values) and 

luminescent quenching factors (L.Q.) of guest 104  with hosts 101–103, in basic and 

neutral 0.1 M NaOH/H2O. 

 

Where * indicates where the property change was too small to estimate a value,  - means the 

property was indeterminable in the concentration range studied, so Logβ < 2, L.Q.exp means 

the experimental L.Q. and L.Q.extrap is the L.Q as a result of the extrapolation procedure. Logβ 

error = ± 0.1. 

 

Logβ values are in good agreement with those calculated by 1H NMR Δδ values, 

showing that they are largely independent of the analytical method used. Open 

macrocycles 101 and 103, have consistently shown significant binding with guest 104, 

in contrast to the closed derivative host 102, which is verification that interaction of 

the host and guest will only occur with an available hydrophobic cavity of appropriate 

internal diameter. Further to this, Logβ values under basic and neutral conditions are 

similar which suggests hydrophobic forces are the driving force behind guest inclusion 

rather than coulombic (since the host charge should be less negative in neutral 

solution). Where L.Q.exp is ≤ 1.1 the extrapolation procedure is not employed as the 

property change is too small; however, where extrapolation can be employed the 

L.Q.extrap term is reported, where L.Qexp  ≡ L.Q.extrap
 where the L.Imax term is ≥ 2 Log 

units from L.Imin in terms of concentration. Similar [2+2]-dialcohol host 84, exhibits 

an increased strength of binding with 104, compared with host 103, where Logβ was 

calculated as 4.5 in NaOH/H2O pH 10 solution. This may be attributed to the decrease 

in hydrophobicity of 103 with the addition of four extra carboxylate groups, which 

may associate more water, therefore decreasing the hydrophobic character surrounding 

the host and preventing 104 from binding as favourably 136.  
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Luminescent studies were furthered with guest 105 and hosts 101-103, where the 

former is the luminescent species and was maintained at a constant concentration while 

host concentration was varied. In this case while utilising Equation 3.9, a represents 

the variable concentration of host and b the concentration of guest 105. Luminescent 

binding studies with guest 105 are provided in Figure 3.28 - Figure 3.30. The following 

captions are not repeated in full, instead use Figure 3.28 for reference. The emission 

profile, as a result of excitation at 380 nm gives the mirror image of the absorption 

spectra as observed in literature155,157. 380 nm excitation was chosen to avoid 

excitation of host 102, due to its high molar absorptivity around the 300 nm range. 

Therefore, to avoid scatter from the excitation beam the spectra must be analysed from 

410 nm onwards. All three hosts 101-103 deliver luminescent quenching to 105 as 

their concentrations are increased. Interestingly the ‘closed’ host 102, delivers an 

approximately equivalent degree of the luminescence emission quenching to 105 as 

the ‘open’ host derivatives, as shown in the luminescence spectra and quantified in 

Table 3.8. We know that in the case of 101/103, PET is occurring to 105 while 

inclusively bound within the host cavity; however, the mechanism of quenching is 

unclear in the case of 102 and is probably due to a degree of aggregation present in the 

sample, for which care was taken to avoid in the NMR experiments156. This conclusion 

seems to contrast the earlier conclusions drawn from the NMR binding data, which 

resulted in negligible Δδ values between 105 and 102, and therefore we conclude that 

105 does not provide a reliable example of switchable guest capture and release in this 

case. 

Table 3.8 provides the overall summary of the luminescence spectral data recorded for 

guest 105 with hosts 101-103. The Logβ data in all three cases are similar, however, 

105 cannot interact inclusively in all cases due to the collapsed nature of host 102’s 

structure. Due to the nature of 105 to form π-stacks in water it is concluded that 

aggregation may be the cause of the erroneous binding constant calculation. 
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Figure 3.28 -  Left: luminescence emission spectra of 105 (0.01 mM) excited at 380 nm with 

101 (A: 0.04 mM, B: 0.09 mM, C: 0.1 mM, D: 0.2 mM, E: 0.4 mM, F: 0.5 mM, G: 0.6 mM, H: 

0.7 mM, I: 0.9 mM, J: 1 mM), solutions  were made in H2O, pH 7 (0.1 M phosphate buffer) 

and annealed for 1 hour at 60°C. Right: data processed from the luminescence intensity at 

415 nm, where Logβ = 3.1, error = ± 0.1, 𝑥 =  −𝐿𝑜𝑔(𝑎 −  
𝑏

𝐼𝑙𝑢𝑚𝑚𝑎𝑥−𝐼𝑙𝑢𝑚
𝐼𝑙𝑢𝑚−𝐼𝑙𝑢𝑚𝑚𝑖𝑛

+1
),  𝑦 =

 𝐿𝑜𝑔(
𝐼𝑙𝑢𝑚𝑚𝑎𝑥−𝐼𝑙𝑢𝑚

𝐼𝑙𝑢𝑚− 𝐼𝑙𝑢𝑚𝑚𝑖𝑛
), a = concentration of guest, b = concentration of host, Ilum = luminescence 

intensity, Ilummax = maximum value of Ilum, Ilummin = minimum value of Ilum. 
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Figure 3.29 -  Left: luminescence emission spectra of 105 (0.01  mM) excited at 380 nm with 

102 (A: 0.01 mM, B: 0.03 mM, C: 0.04 mM, D: 0.06 mM, E: 0.09 mM, F: 0.1 mM, G: 0.2 mM, 

H: 0.4 mM, I: 0.5 mM, J: 0.6 mM, K: 0.7 mM, L: 0.9 mM, M: 1 mM), solutions were made in 

H2O, pH 7 (0.1 M phosphate buffer). Right: data processed from the luminescence intensity at 

415 nm, where Logβ = 3.0, error = ± 0.1. 

 

 

Figure 3.30 -  Left: luminescence emission spectra of 105 (0.01 mM) excited at 380 nm with 

103 (A: 0.01 mM, B: 0.03 mM, C: 0.04 mM, D: 0.06 mM, E: 0.09 mM, F: 0.1 mM, G: 0.2 mM, 

H: 0.4 mM, I: 0.5 mM, J: 0.6 mM, K: 0.7 mM, L: 0.9 mM, M: 1 mM), solutions were made in 

H2O, pH 7 (0.1 M phosphate buffer). Right: data processed from the luminescence intensity at 

415 nm, where Logβ = 3.1, error = ± 0.1. 



100 

 

 

Table 3.8 – Binding constants (β, in M-1 units, reported as Logβ values) and 

luminescent quenching factors (L.Q.) of guest 105 with hosts 101–103, in H2O, pH 7 

(0.1 M phosphate buffer). 

 

Logβ error = ± 0.1. 

 

3.4.2.4. Summary of binding constants 

The summary of Logβ calculated using NMR, UV-vis and luminescence spectroscopy 

is outlined in Table 3.9, for guest 104 in the presence of hosts 101-103. Negligible 

changes were observed in absorbance spectra in all cases and it was concluded that 

this analytical technique is insensitive to the interaction between host and guest in this 

case. For host 102, Logβ was also indistinguishable within the concentration ranges 

studied in all cases, suggesting that Logβ values were < 2. Due to the closed orientation 

of the host phenylene rings, there is no hydrophobic cavity with which guest 104 can 

interact, therefore it is understood that zero inclusive association is felt between 102 

and 104. However, for variations 101 and 103, the orientation of the phenylene rings 

allows for a hydrophobic pocket which can accommodate a guest. 104 is the correct 

size and shape to fit comfortably and have favourable columbic attraction within the 

anionic host. Logβ values for 101 and 103 are approximately equal, and there is little 

difference in basic and neutral conditions. 
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Table 3.9 – Binding constants (β, in M-1 units, reported as Logβ values) measured 

under various conditions, with NMR, UV-vis and luminescence spectroscopic 

analyses, with guest 104 and hosts 101–103, in 0.1 M NaOD/D2O or NaOH/H2O. 

 

Where – means the property was indeterminable in the concentration range studied, so Logβ 

< 2. Logβ error = ± 0.1. 

 

It is notable to mention that guest 104 did not produce observable complex-induced 

variations with larger cyclophane [3+3]-hosts, as the small size of the guest cannot 

benefit from the attraction to the negative charges on the periphery of the host, nor is 

it large enough to exclusively fill the cavity of the host, excluding water and creating 

a hydrophobic zone174. Overall, it is concluded that the main driving force of 

interaction between 104 and 101/103 is the presence of the hydrophobic pocket, rather 

than overall charge of the host. 

As shown in Table 3.10, 105 experiences a different trend in binding compared to the 

previous guest, where Logβ measured by luminescence emission spectroscopy for all 

three hosts are approximately equivalent. This is in contrast to the analyses conducted 

by NMR and UV-vis spectroscopies which suggested zero inclusive interaction 

between 102 and 105, however, with difficulties encountered with aggregation in all 

studies it is concluded that aggregation of the guest and indeed 105 and 102 together 

may result in the unexpected fluorescent quenching and therefore a higher-than-

expected binding constant. In summary, 105 does not provide reliable evidence for 

switchable capture/release under these conditions. 
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Table 3.10 – Binding constants (β, in M-1 units, reported as Logβ values) measured 

under various conditions, with NMR, UV-vis and luminescence spectroscopic 

analyses, with guest 105 and hosts 101–103, in 0.1 M NaOD/D2O or NaOH/H2O. 

 

Where – means the property was indeterminable in the concentration range studied, so Logβ 

< 2. Logβ error = ± 0.1. 

 

3.4.3. Binding constant studies with polypyridyl ruthenium(II) complexes 

The previous discussions have given evidence to shape-selective inclusive binding of 

‘flat’ aryldiammonium guests forming pseudo-rotaxane structures. Larger examples of 

switchable cyclophane [3+3]-macrocycles have been proven to bind inclusively with 

trisbipyridyl and trisphenanthroline ruthenium(II) complexes with high binding 

affinities173,174. While the C3 symmetry and size of the polypyridyl ruthenium guests 

are not complementary with the hosts studied in this thesis, they are cationic and have 

aromatic hydrophobic ligands which may interact with the cyclophane [2+2]-hosts. 

The internal cavity of 101/103 is not large enough accommodate the entire 

[Ru(bpy)3]
2+ or [Ru(phen)3]

2+ complexes inclusively, however, it was considered that 

one of three ligands could be inclusively bound with large enough affinity to capture 

the molecule, creating a pseudorotaxane with a stopper on one side only. In this section 

binding of polypyridyl ruthenium(II) guests 108 and 109 with hosts 101-103 are 

examined and compared to larger switchable cyclophane derivatives 110-112 to 

investigate structure-binding relationships174. 
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3.4.3.1. NMR spectroscopy 

As outlined in section 3.4.2.1., 1H NMR spectral binding studies are carried out using 

the dilution method. Being kinetically stable diamagnetic complexes, the 

ruthenium(II) guests are stable towards 0.1 M NaOD and so experiments involving 

basic conditions were examined initially.  The spectra for guest 108 with hosts 101-
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103, under basic conditions are displayed in Figure 3.31- Figure 3.33. Similarly to 

guests 104 and 105, ‘open’ hosts 101/103 produce complexation-induced Δδ shifts in 

the 1H NMR spectra, suggestive of an interaction between them and 108. In contrast, 

very little shift is observable with host 102 which points to a weak interaction with the 

guest without inclusion.  

 

 

Figure 3.31 - 1H NMR spectra of 101 and 108, the host and guest spectra with host and guest 

mixture all 1 mM, in 0.1 M NaOD/ D2O, where red and black arrows highlight the maximum 

Δδ value of host and guest protons respectively. 
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Figure 3.32 - 1H NMR spectra of 102 and 108, the host and guest spectra with host and guest 

mixture all 1 mM, in 0.1 M NaOD/ D2O, where red and black arrows highlight Δδ value of 

host and guest protons respectively. 

 

 

Figure 3.33 - 1H NMR spectra of 103 and 108, the host and guest spectra with host and guest 

mixture all 1 mM, in 0.1 M NaOD/ D2O, where red and black arrows highlight the maximum 

Δδ value of host and guest protons respectively. 

 

The matching Δδ maps for the above spectra can be found in Figure 3.34. Firstly, Δδ 

values for 102 with 108 are mostly negligible being around the error threshold of 

0.02 ppm. One slightly raised Δδ value is observed for host peak a, likely due to a 

slight π-π attraction between aromatic molecules in the aqueous environment. More 
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significant Δδ values are observed for 101 and 103,  of similar magnitude and pattern 

to each other, suggesting binding is occurring with the same orientation of 108. 

Pronounced shifts occur in the host pentamethylene chains, where Δδ values of 

signals c and e are greater than b, because they point inwards to the host cavity. This 

trend suggesting that the bipyridyl ligand is intercalating with its aromatic rings face-

on to the host pentamethylene chain, inducing a shielding magnetic field and 

reducing the pentamethylene protons’ chemical shifts152. Δδ values for protons on the 

bipyridyl are smaller when compared to the hosts’ protons, because they are 

averaged out among the three ligands since only one ligand is included by the host at 

one time. 

 

Figure 3.34 -Structures of hosts 101–103 and guest 108 with their maximum Δδ values at 1 

mM concentrations. Protons have been assigned with chemical shifts and induced chemical 

shift changes (Δδ) measured at room temperature, whose error = ± 0.02 ppm. Solutions made 

in 0.1 M NaOD/D2O and annealed for 1 hour at 60 °C.  
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Similar data were collected under conditions of pD 7 and at raised temperature (60 

°C), shown in Figure 3.35 and Figure 3.36 respectively. The Δδ shifts at 60 °C are 

reduced compared with those attained at room temperature, however, the pattern is 

approximately the same for each. The higher temperature will cause the bipyridyl 

ligands to exchange at a faster rate resulting in a time averaged signal, which in this 

case results in a smaller Δδ value. Alternatively, Δδ attained from solutions under basic 

and neutral conditions, are very similar in their pattern and magnitude confirming that 

binding is barely influenced by the degree of host protonation. However, it is 

interesting to note the increased Δδ values involving the aromatic host 102 signals and 

bipyridyl signals. The reduction in the charge of the macrocycle at pD 7 may promote 

the hydrophobic attraction between the host and guest species. 

 

Figure 3.35 -Structures of hosts 101–103 and guest 108 with their maximum Δδ values at 1 

mM concentrations. Protons have been assigned with chemical shifts and induced chemical 

shift changes (Δδ) measured at 60 °C, whose error = ± 0.02 ppm. Solutions were made in 0.1 

M NaOD/D2O and annealed for 1 hour at 60 °C.  
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Figure 3.36 -Structures of hosts 101–103 and guest 108 with their maximum Δδ values at 1 

mM concentrations. Protons have been assigned with chemical shifts and induced chemical 

shift changes (Δδ) measured at room temperature, whose error = ± 0.02 ppm. Solutions were 

made in D2O, pD 7 (0.1 M phosphate buffer) and annealed for 1 hour at 60 °C.  

 

Binding constants under each condition were calculated using Equation 3.8 and the 

extrapolation procedure applied where Δδ > 0.02. Table 3.11 shows the experimental 

Δδ and the estimated maximum Δδ values used to calculate Logβ values for each host 

with guest 108. Firstly host 102 displays mostly negligible Δδ values except for peak 

a being the aromatic proton signals, this is significant as it points to the possibility of 

π-π attraction of the host and guest in the closed macrocycle state. For clarity the 

largest signal shifts are displayed with error bars, in contrast to those with host 103 in 

Figure 3.37. Although the Δδ data for 102 are numerically large enough to estimate 

Δδmax, the small changes as concentration was increased fell within the 0.02 error 

threshold and did not support calculation of Logβ. Therefore, it is considered that this 

possible π-π attraction is insufficient to bind host and guest. In contrast Figure 3.37b 

shows the variation in Δδ values exhibited with host 103, which are significantly more 
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pronounced and allow Logβ to be calculated. 101 and 103 Logβ values are equivalent, 

both capable of partially inserting the bipyridyl ligand within the host cavity as 

demonstrated in Figure 3.38. Logβ values calculated at room temperature and 60 °C 

variations are shown in Table 3.12 and Table 3.13 and are approximately the same.  

Table 3.11  – Δδ values of 1H NMR signals and binding constants (β, in M-1 units, 

reported as Logβ values) of guest 108 with hosts 101–103, in 0.1 M NaOD/D2O. 

 

Where * indicates where the property change was too small to estimate a value, – means the 

property was indeterminable in the concentration range studied, so Logβ <2. Δδ error = 0.02 

ppm, Logβ error = ± 0.1. 

 

 

Figure 3.37 – plots showing Δδ variations vs p[host] for a) host 102 peak a and b) host 

103 peak e, with guest 108, where error bars represent ± 0.02. 
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Figure 3.38 – Schematic representations of complexes including guest 108 (green) with hosts 

101/103 (grey), where the carboxylate groups are omitted for clarity. 

 

Table 3.12  – Δδ values of 1H NMR signal and binding constants (β, in M-1 units, 

reported as Logβ values) of guest 108 with hosts 101–103, in 0.1 M NaOD/D2O, 

measured at 60 °C. 

 

Where – means the property was indeterminable in the concentration range studied, so Logβ 

<2. Δδ error = 0.02 ppm, Logβ error = ± 0.1. 
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Table 3.13  – Δδ values of 1H NMR signal and binding constants (β, in M-1 units, 

reported as Logβ values) of guest 108 with hosts 101–103, in D2O, pD 7 (0.1 M 

phosphate buffer). 

 

Where * indicates where the property change was too small to estimate a value, – means the 

property was indeterminable in the concentration range studied, so Logβ <2. Δδ error = 0.02 

ppm, Logβ error = ± 0.1. 

 

Figure 3.39 gives the complexation-induced Δδ values for cyclophane [3+3]-hosts 

110-112 with guest 108. As with the smaller derivative there are differences between 

the ‘open’ macrocycles 110/112 and the ‘closed’ macrocycle 111. 108 does not induce 

significant shifts with host 111, with many of the Δδ → 0. However, the Δδ values for 

110/112 hosts, are notably larger as a result of a strong interaction with 108. In 

comparison to the smaller hosts, Δδ magnitudes are significantly larger in both host 

and guest, owing to the inclusive encapsulation of 108 rather than a single ligand in 

the case of 101/103. The pattern of Δδ values of the hosts are similar however, differ 

for the guest as a result of the 90° rotation of the bipyridyl ligand as shown in Figure 

3.40. The major difference being, while bound inclusively the bipyridyl ligand fits in 

to the wedge between the [3+3]-phenylene rings, creating a C3 symmetric host and 

guest pair. Guest protons in close proximity to the host experience the largest shifts 

resulting in Δδ values in the order: a > b >c > d. Alternatively cyclophane [2+2]-hosts 

101/103 will only interact with one bipyridyl ligand out of three, which orientates the 
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ligand parallel to the macrocycle plane resulting in averaged guest proton Δδ value 

order b > a ≈ b ≈ c. 

 

Figure 3.39 -Structures of hosts 110–112 and guest 108 with their maximum Δδ values at 0.5 

mM concentrations measured at room temperature. Protons have been assigned with chemical 

shifts and induced chemical shift changes (Δδ) whose error = ± 0.02 ppm. Solutions made in 

0.1 M NaOD/D2O and annealed for 1 hour at 60°C174.  

 

 

Figure 3.40 -Structures showing approximate orientation of guest 108 when bound a) 

intercalatively with cyclophane [2+2]-hosts and b) inclusively with cyclophane [3+3]-hosts. 
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The Van’t hoff equation (Equation 3.10) can be employed to estimate the 

thermodynamic parameters involved in the formation of the host-guest complexes; this 

uses the Logβ data compiled from hosts 101/103 and 110/112 with guest 108 at room 

temperature and 60°C and allowing comparisons to made between the two sizes of 

host. 

𝑙𝑛𝛽 =  
𝛥𝐻0

𝑅𝑇
+  

𝛥𝑆0

𝑅
 

- Equation 3.10 

Where β = binding constant (M-1), R = the gas constant (J mol -1K-1), T = temperature (K), 

ΔH0 = enthalpy change (J mol-1) , ΔS0 = enthalpy change (J mol-1). 

 

As only two data points were considered (room temperature and 60°C) information on 

the enthalpy and entropy of the host-guest complexes are merely an estimate and are 

provided in Table 3.14. Because the changes in the binding constant for 101/103 with 

108 at room temperature and 60°C are within the experimental error and are essentially 

consistent, the Van’t hoff calculation produces a small positive and negative ΔH0 

values for host 101 and 103 respectively. This contrasts with 110/112 which 

demonstrate larger, negative ΔH0 values suggesting that electrostatic attraction plays 

a more significant role in complexation involving the larger cyclophane [3+3]-hosts 

compared with cyclophane [2+2]-hosts. In all cases the ΔS0 term is increased after 

complexation, benefitting from the loss of multiple H2O molecules from the cavity of 

the macrocycles to form a hydrophobic complex with 108. Although crude, the 

calculation of ΔH0 and ΔS0 allow us to confirm that hydrophobic forces are the driving 

force behind inclusion in the case of 101/103 hosts, while we estimate that hosts 

110/112 and 108 experience more equivalent electrostatic and hydrophobic forces of 

attraction. 

In a similar way binding studies were continued with larger guest 109, however, when 

conducting the experiment at room temperature clear and distinguishable spectra could 

not be attained, as shown in Figure 3.41. Our understanding was that peak broadening 

was a result of kinetic traps which prevented the host guest interaction to reach a stable 

equilibrium, this situation was mirrored by larger cyclophane [3+3]-hosts174. When 

conducting the experiment at 60 °C, much sharper and distinguishable peaks were 
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observed and are shown in Figure 3.42 - Figure 3.44 for host molecules 101-103. As 

shown for guest 108, temperature has only a small influence on Δδ values and 

negligible influence on Logβ, therefore NMR spectra from this point were conducted 

under 60°C conditions. 

Table 3.14 – Thermodynamic parameters for formation of host-guest complexes with 

cyclophane [2+2] and [3+3]-hosts with guest 108174. 

 

 

 

Figure 3.41 - 1H NMR spectra of 101 and 109 at room temperature, the host and guest spectra 

with host and guest mixture all 1 mM, in 0.1 M NaOD/ D2O, where red arrows highlight broad 

indistinguishable signals. 
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Figure 3.42 - 1H NMR spectra of 101 and 109 at 60°C, the host and guest spectra with host 

and guest mixture all 1 mM, in 0.1 M NaOD/ D2O, where red and black arrows highlight the 

maximum Δδ value of host and guest protons respectively. 

 

 

Figure 3.43 - 1H NMR spectra of 102 and 109 at 60°C, the host and guest spectra with host 

and guest mixture all 1 mM, in 0.1 M NaOD/ D2O, where red and black arrows highlight the 

maximum Δδ value of host and guest protons respectively. 
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Figure 3.44 - 1H NMR spectra of 103 and 109 at 60°C, the host and guest spectra with host 

and guest mixture all 1 mM, in 0.1 M NaOD/ D2O, where red and black arrows highlight the 

maximum Δδ value of host and guest protons respectively. 

 

A greater degree of contrast is noted between the induced Δδ values of hosts 101/103 

and host 102 with guest 109, compared with 108. Significant paramagnetic shifts can 

be assigned visually to the pentamethylene chains of the ‘open’ macrocycles, while 

the ‘closed’ alternative experiences very little. Spectra including host 101/103 and 109 

mixtures exhibit broadening of proton signals, particularly with the most displaced 

signals. This is likely due to the exchange of phenanthroline ligands within the host 

cavity. 

Δδ shifts are displayed for hosts 101–103 with 109 accompany the structures in Figure 

3.45. Again host 102 exhibits larger Δδ values than have been seen previously for 

aromatic host and guest protons, owing to π-π attraction. The largest Δδ shifts for hosts 

101/103 with 109 concern the pentamethylene chain region, following the trend 

observed for the intercalation of bipyridyl in the previous experiments. A slight 

difference is noted in the induced chemical shift changes of 109 when compared to 

108, where magnitude of Δδ a > b > d > c. This suggests 109 does not share the same 

orientation with guest 108 as shown in Figure 3.40, as was expected. It is possible that 

109 adopts a more rotated structure as shown in Figure 3.46. Overall Δδ maps suggest 

that phenanthroline ligand will intercalate with host 101/103 in a similar way to 

bipyridine, however, the magnitude of Δδ with guest 109 are significantly larger than 
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with 108. This is due to the larger size and degree of hydrophobicity that 

phenanthroline has over bipyridine. It is also because phenanthroline has a larger π 

system which produces a more effective shielding environment for the host protons 

compared with bipyridine. The approximate orientation of guest 109 while 

intercalating within the cavity of 101/103 is provided by Figure 3.47, it can be seen 

that the skewed angle of the phenanthroline ligand with respect to the macrocycle 

plane could provide a favourable aromatic CH/π interactions between the phenylene 

and phenanthroline aromatic rings; this orientation is mirrored by complexation of 109 

with DNA, where one phenanthroline ligand partially intercalates while another 

cooperatively interacts with the surface of the DNA170. 

 

Figure 3.45 -Structures of hosts 101–103 and guest 109 with their maximum Δδ values at 1 

mM concentrations measured at 60°C. Protons have been assigned with chemical shifts and 

induced chemical shift changes (Δδ), whose error = ± 0.02 ppm. Solutions made in 0.1 M 

NaOD/D2O  and annealed for 1 hour at 60°C. 
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Figure 3.46 -Structure showing approximate orientation of guest 109 when bound 

intercalatively with cyclophane [2+2]-hosts. 

 

 

Figure 3.47 – Schematic representations of complexes including guest 109 (red) with hosts 

101/103 (grey), where the carboxylate groups are omitted for clarity. 

 

For comparison purposes the Δδ maps for hosts 101–103 with guest 109 at pD 7 are 

shown in Figure 3.48. Δδ magnitudes and patterns observed under basic and neutral 

conditions are almost identical, therefore the degree of host protonation has little effect 

on host and guest interaction. 
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Figure 3.48 -Structures of hosts 101–103 and guest 109 with their maximum Δδ values at 1 

mM concentrations measured at 60°C. Protons have been assigned with chemical shifts and 

induced chemical shift changes (Δδ), whose error = ± 0.02 ppm. Solutions were made in D2O,  

pD 7 (0.1 M phosphate buffer) and annealed for 1 hour at 60°C. 

 

Δδ values along with estimated maximum values and Logβ values are provided in 

basic and neutral media in Table 3.15 and Table 3.16 respectively. Although some host 

102 signals have significant Δδ (e.g., peak a), as with the previous guest 108, in Figure 

3.37 they do not show changes large enough to support calculation of Logβ and 

therefore it is considered that binding does not occur to a reasonable extent within the 

concentration range studied. However, it is obviously seen from the cases of host 101 

and 103 that guest 109 is inducing a significant Δδ value as a result of a strong host-

guest interaction. Calculated Logβ for intercalative complexes formed in basic and 

neutral media are around 4, similar to intercalative binding of 109 in literature168. 
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Table 3.15  – Δδ values of 1H NMR signal and binding constants (β, in M-1 units, 

reported as Logβ values) of guest 109 with 101–103, in 0.1 M NaOD/D2O. 

 

Where * indicates where the property change was too small to estimate a value,  – means the 

property was indeterminable in the concentration range studied, so Logβ <2. Δδ error = 0.02 

ppm, Logβ error = ± 0.1. 
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Table 3.16  – Δδ values of 1H NMR signal and binding constants (β, in M-1 units, 

reported as Logβ values) of guest 109 with 101–103, in D2O, pD 7 (0.1 M phosphate 

buffer). 

 

Where * indicates where the property change was too small to estimate a value,  – means the 

property was indeterminable in the concentration range studied, so Logβ <2. Δδ error = 0.02 

ppm, Logβ error = ± 0.1. 

 

Figure 3.49 gives the complexation-induced Δδ values for cyclophane [3+3]-hosts 

110-112 with guest 109. As was the case with guest 108, the magnitude of the Δδ 

values is greater due to the inclusive binding with 110/112, in contrast to the partial 

binding with 101/103. Regardless of the relatively large cavity of 111 compared with 

102, the guest does not induce any significant Δδ effect and therefore does not form 

an inclusive association in both cases. The pattern of Δδ values shown related to the 

cyclophane host structures are approximately mirrored in both [2+2] and [3+3] 

variations with differences only observed in the guest due to its rotated orientation 

when inclusively bound in 110/112 and the fact that only one ligand is included at one 

time. 
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Figure 3.49 -Structures of hosts 110–112 and guest 109 with their maximum Δδ values at 0.5 

mM concentrations measured at 60°C. Protons have been assigned with chemical shifts and 

induced chemical shift changes (Δδ), whose error = ± 0.02 ppm. Solutions made in 0.1 M 

NaOD/D2O  and annealed for 1 hour at 60°C174.  

 

3.4.2.2. UV-Vis absorption spectroscopy 

The absorption spectra for guests 108 and 109 are displayed in Figure 3.50. Two 

regions of absorption can be seen and analysed accordingly. Firstly, the region 400- 

500 nm displays the ruthenium(II) complex’s MLCT band. This absorption band is a 

result of the promoted electron from the ruthenium(II) metal centre transferring to the 

π* orbital of the ligand158. It is expected that charge transfer between host and guest 

can be visualised as perturbations in the MLCT band, and  since zero host absorption 

is observed in this range this provides an ideal region to investigate complex-induced 

absorption changes. There is also a sharp absorption around 260-300 nm, this is the π-

π* intra-ligand absorption band. As described previously the π-π* transition absorption 

of hosts 101–103 lie in the region 287 – 290 nm, which  must be subtracted from the 
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guest absorption in the analysis process. The 260 – 300 nm region may be influenced 

by hydrophobic π-π attraction between host and guest. 

 

Figure 3.50 – UV-visible absorption spectra of guests 108 and 109. Solutions made in 0.1 M 

NaOH/H2O and annealed for 1 hour at 60°C. 

 

The absorption spectra for hosts 101–103 with the addition of guest 108 in 1:1 mixtures 

are compared with hypothetical mixtures in Figure 3.51. The concentration of host 

101/103 is 0.05 mM while host 102 is at 0.01 mM. As shown below the difference in 

absorption in all cases is negligible. This was also the case for smaller 

aryldiammonium guests 104 and 105. However, for guest 109 mixtures, small changes 

are present in the spectra of hosts 101 and 103, while negligible differences are 

detectable with host 102 in comparison to hypothetical mixtures as shown in Figure 

3.52. Differences are only observed in the π-π* transition band of the guest, suggesting 

the influence of π-π interaction between host and guest.  
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Figure 3.51 – UV-vis absorption spectra of 108 with hosts 101-103, in (1:1) ratios, compared 

with their hypothetical mixtures calculated by the summation of the host and guest alone. 

Where [101/103] = 0.05 mM, [102] = 0.01 mM, solutions made in 0.1 M NaOH/H2O and 

annealed for 1 hour at 60°C. 

 

Figure 3.52 – UV-vis absorption spectra of 109 with hosts 101-103, in (1:1) ratios, compared 

with their hypothetical mixtures calculated by the summation of the host and guest alone. 

Where [101/103] = 0.05 mM, [102] = 0.01 mM, solutions made in 0.1 M NaOH/H2O and 

annealed for 1 hour at 60°C. 

 

To further investigate the host-induced hypochromism of the guest π-π* band, UV-vis 

spectroscopic titration experiments involving hosts 101/103 with 109 were carried out. 
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As mentioned previously the absorbance of hosts obscure the spectra in this region, 

therefore host absorbances were gathered at each concentration and added with the 

absorbance of guest giving hypothetical host-guest absorbances which are compared 

to the experimental values. The experimental spectra of host 101 with 109 are provided 

with hypothetical spectra in Figure 3.53, showing the hypochromism clearly in the 

most concentrated solutions of host at 262 nm. Data processing involves deducting the 

experimental absorbance from the hypothetical value at 262 nm, resulting in the 

absorbance difference (ΔAbsorbance) which when plotted against p[Host] gives the 

expected sigmoidal plot shown to the right of Figure 3.53. The data can be further 

analysed to give Logβ using Equation 3.11195, where variable a is the concentration of 

host and constant b is the concentration of 109. The resulting value of Logβ for 101 

and 109 is 4.1 which is in good agreement with the binding constant calculated from 

NMR analyses.  

In the same way as described for host 101 the absorbance spectra of 103 and 109 were 

gathered and processed as shown in Figure 3.54, here the caption is simplified, instead 

use Figure 3.53 for reference. In the case of 103 and 109, Logβ was 4.1, equivalent to 

that of host 101. The hypochromism present in the spectra are characteristic of 

intercalation of [Ru(phen)3]
2+ complexes, where the host-guest interaction disrupts the 

electron density of the guest, leading to lower absorbances168. 
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Figure 3.53 – Left: UV-vis absorption spectra of 109 (0.01 mM) with host 101 (A: 0.3 mM, B: 

0.1 mM, C: 0.08 mM, D: 0.06 mM, E: 0.04 mM, F: 0.01 mM), in addition to hypothetical 

mixtures calculated by the summation of the absorbance of host and guest alone. Solutions are 

made in 0.1 M NaOH/H2O and annealed for 1 hour at 60°C. Right: data processed from the 

absorbance spectra, where Δ Absorbance is the absorbance difference between experimental 

and hypothetical absorbance at 262 nm Logβ =4.1, error = ± 0.1,   𝑥 =  −𝐿𝑜𝑔(𝑎 −

 
𝑏

𝐴𝑏𝑠𝑚𝑎𝑥−𝐴𝑏𝑠

𝐴𝑏𝑠−𝐴𝑏𝑠𝑚𝑖𝑛
+1

), 𝑦 =  𝐿𝑜𝑔(
𝐴𝑏𝑠𝑚𝑎𝑥−𝐴𝑏𝑠

𝐴𝑏𝑠− 𝐴𝑏𝑠𝑚𝑖𝑛
),      a = concentration of host, b = concentration of 

guest, Absmax = maximum value of absorbance, Absmin = minimum value of absorbance. 

 

𝐿𝑜𝑔 [
(𝐴𝑏𝑠𝑚𝑎𝑥 − 𝐴𝑏𝑠)

(𝐴𝑏𝑠 −  𝐴𝑏𝑠𝑚𝑖𝑛)
] = 𝐿𝑜𝑔𝛽 + 𝐿𝑜𝑔 {𝑎 − [

𝑏

(𝐴𝑏𝑠 −  𝐴𝑏𝑠𝑚𝑖𝑛)
(𝐴𝑏𝑠𝑚𝑎𝑥 −  𝐴𝑏𝑠)

+ 1
]} 

- Equation 3.11 

Where a = concentration of variable, b = concentration of constant, Absmax = maximum value 

of absorbance, Absmin = minimum value of absorbance. 
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Figure 3.54 – Left: UV-vis absorption spectra of 109 (0.01 mM) with host 103 (A: 0.3 mM, B: 

0.1 mM, C: 0.08 mM, D: 0.06 mM, E: 0.04 mM, F: 0.01 mM), in addition to hypothetical 

mixtures calculated by the summation of the absorbance of host and guest alone. Where 

solutions are made in 0.1 M NaOH/H2O. Right: data processed from the absorbance spectra, 

where Logβ =4.1, error = ± 0.1. 

 

In summary, host-guest complexation with guests 108 and 109 does not induce any 

observable difference in the MLCT band of either. This insignificant influence is 

because the externally accessible negative charge arising from the MLCT transition is 

not localised to the intercalated ligand alone, but is instead delocalised over the three 

phenanthroline ligands, resulting in a low charge density168. However, noticeable 

changes are observed in the π-π* intra-ligand transition of guest 109 with the addition 

of host 101/103, in contrast with guest 108. This is due to the extended π-network of 

phenanthroline compared with bipyridine, resulting in greater disruption when 

intercalating with 101/103 and a noticeable hypochromic shift. Finally, as shown by 

the 1:1 mixtures of hosts and guests 108/109 in Figure 3.51 and Figure 3.52 

respectively, we can deduce that host 102 has zero influence on the absorption spectra 

in either case and is not capable of complexation. 

 



128 

 

3.4.2.3. Luminescence emission spectroscopy 

As described in the introduction, ruthenium(II) polypyridyl complexes are known for 

their strong MLCT emission which can be significantly quenched by interactions with 

polar solvent molecules158. Our hypothesis is that intercalation of 108/109 within the 

hydrophobic cavity of 101/103 should result in a luminescent enhancement because 

the complex is partially protected from quenching solvent interactions, as is the case 

when intercalating within DNA base pairs168. The luminescence emission spectra of 

guest 108 with hosts 101-103 under basic and neutral conditions are displayed in 

Figure 3.55 - Figure 3.60. The full caption in Figure 3.55 serves as reference for those 

that follow. 

 

 

Figure 3.55 – Left: luminescence emission spectra of 108 (0.01 mM) excited at 454 nm with 

101 (A: 5 mM, B: 3 mM, C: 2 mM, D: 1 mM, E: 0.8 mM, F: 0.6 mM, G: 0.4 mM. H: 0.2 mM), 

solutions made in 0.1 M NaOH/H2O  and annealed for 1 hour at 60°C. Right: data processed 

from the luminescence intensity spectra at 612 nm, where Logβ = 2.6, error = ± 0.1, 𝑥 =

 −𝐿𝑜𝑔(𝑎 − 
𝑏

𝐼𝑙𝑢𝑚𝑚𝑎𝑥−𝐼𝑙𝑢𝑚
𝐼𝑙𝑢𝑚−𝐼𝑙𝑢𝑚𝑚𝑖𝑛

+1
),  𝑦 =  𝐿𝑜𝑔(

𝐼𝑙𝑢𝑚𝑚𝑎𝑥−𝐼𝑙𝑢𝑚

𝐼𝑙𝑢𝑚− 𝐼𝑙𝑢𝑚𝑚𝑖𝑛
), a = concentration of host, b = 

concentration of guest, Ilum = luminescence intensity, Ilummax = maximum value of Ilum, Ilummin = 

minimum value of Ilum. 
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Figure 3.56 – Left: luminescence emission spectra of 108 (0.01 mM) excited at 454 nm with 

101 (A: 5 mM, B: 2 mM, C: 1 mM, D: 0.8 mM, E: 0.7 mM, F: 0.6 mM, G: 0.4 mM, H: 0.2 mM, 

I: 0.1 mM, J: 0.08 mM, K: 0.06 mM, L: 0.04 mM, M: 0.02 mM), solutions were made in H2O, 

pH 7 (0.1 M phosphate buffer). Right: data processed from the luminescence intensity at 617 

nm, where Logβ = 2.8, error = ± 0.1. 

 

As shown in the examples with host 101, the luminescence emission of 108 is 

enhanced with increasing concentration of host, with L.E.exp of 1.4 and 1.5 in basic 

and neutral media respectively. As noted throughout, Logβ remains approximately 

constant as pH is varied, however, for the luminescence spectral experiments 

collectively it is noted that binding constants are slightly reduced when compared with 

those calculated by NMR spectroscopy. Where host 102 is involved the luminescent 

intensity of 108 is not significantly increased shown in Figure 3.57 under basic 

conditions and Figure 3.58 at pH 7. L.Eexp of the luminescence emission spectra are 

1.0 and 1.1 respectively, meaning the property change is insufficient to calculate 

extrapolated luminescence. Where luminescent enhancement is near 1.0 and Logβ 

values are indeterminable within the concentration range studied (meaning that Logβ 

<2), it is confirmed that host 102 cannot shield guest 108 from quenching solvent 

interactions, as a result of insignificant association between the two. 
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Figure 3.57 – Left: luminescence emission spectra of 108 (0.01 mM) excited at 454 nm with 

102 (A: 5 mM, B: 3 mM, C: 2 mM, D: 1 mM, E: 0.8 mM, F: 0.7 mM, G: 0.6 mM, H: 0.4 mM, 

I: 0.2 mM, J: 0.1 mM), solutions made in 0.1 M NaOH/H2O. Right: data processed from the 

luminescence intensity at 614 nm, where Logβ = not determinable. 

 

 

Figure 3.58 – Left: luminescence emission spectra of 108 (0.01 mM) excited at 454 nm with 

102 (A: 1 mM, B: 0.8 mM, C: 0.7 mM, D: 0.6 mM, E: 0.4 mM, F: 0.2 mM, G: 0.1 mM, H: 0.08 

mM), solutions were made in H2O, pH 7 (0.1 M phosphate buffer). Right: data processed from 

the luminescence spectra at 615.5 nm, where Logβ = not determinable. 

 

Luminescence emission spectra for host 103 with 108 in basic and neutral media are 

provided in Figure 3.59 and Figure 3.60, respectively. As was the case with 101, 
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luminescence is enhanced due to intercalation of the guest. Under basic and neutral 

conditions L.Eexp. are 1.3 for both, and Logβ is 2.3 and 3.1 respectively. Again, the 

binding affinity is slightly reduced compared to that calculated from NMR studies.  

 

 

Figure 3.59 – Left: luminescence emission spectra of 108 (0.01 mM) excited at 454 nm with 

103 (A: 5 mM, B: 3 mM, C: 2 mM, D: 1 mM, E: 0.8 mM, F: 0.7 mM, G: 0.6 mM), solutions 

made in 0.1 M NaOH/H2O. Right: data processed from the luminescence intensity at 611 nm, 

where Logβ = 2.3, Logβ error = ± 0.1. 
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Figure 3.60 – Left: luminescence emission spectra of 108 (0.01 mM) excited at 454 nm with 

103 (A: 5 mM, B: 3 mM, C: 2 mM, D: 1 mM, E: 0.8 mM, F: 0.7 mM, G: 0.6 mM, H: 0.2 mM, 

I: 0.1 mM, J: 0.08 mM, K: 0.06 mM, L: 0.04 mM, M: 0.02 mM), solutions were made in H2O, 

pH 7 (0.1 M phosphate buffer). Right: data processed from the luminescence intensity at 614.5 

nm, where Logβ = 3.1, error = ± 0.1. 

 

The luminescence emission studies of hosts 101 and 103 have revealed a moderate 

enhancement of guest 108 luminescence in both basic and neutral aqueous media, 

whereas host 102 displays essentially zero influence. Logβ and L.E. data are 

summarised in  

 

 

Table 3.17. Where L.E.exp is ≤ 1.1, the extrapolation procedure is not employed and 

therefore the L.E.extrap and Logβ are indeterminable for host 102, meaning that 102 and 

108 do not significantly interact. The moderate L.E.exp values for 101/103 with 108, 

are due to the relatively small size of the bipyridyl ligand (as compared to 

phenanthroline); meaning there is only moderate overlap with the interior cavity of the 

hosts and moderate protection offered from quenching interactions. As reported in 

literature, it is expected that because the phenanthroline ligands have a larger surface 

area, guest 109 should interact more significantly with host 101/103 inducing greater 

luminescent enhancements 13.  
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Table 3.17 -  Binding constants (β, in M-1 units, reported as Logβ values) and 

luminescent enhancement factors (L.E.) of guest 108 with hosts 101–103, in 0.1 M 

NaOH/H2O basic and  neutral phosphate buffered solutions. 

 

Where * indicates where the property change was too small to estimate a value,  – means the 

property was indeterminable in the concentration range studied, so Logβ <2, L.E.exp means 

the experimental L.E. and L.E.extrap is the L.E. as a result of the extrapolation procedure. Logβ 

error = ± 0.1. 

 

The luminescence emission spectra of 101-103 with guest 109, in basic and neutral 

media are provided in Figure 3.61 - Figure 3.66. The full caption in Figure 3.61 

serves as reference for those that follow. As predicted the luminescent enhancement 

is visibly increased for guest 109 in comparison to 108 for open cavity hosts 

101/103. The more significant degree of hydrophobic shielding to the phenanthroline 

ligand is evidenced also by the hypsochromic shift of the emission maximum; 

15.5/11 nm for host 101 and 14/12.5 nm for host 103 under basic and neutral 

conditions respectively. This hypsochromic shift is caused by the microenvironment 

of 109 becoming less polar while interacting with the hydrophobic cavity of the 

guest, since polar solvents preferentially stabilize the externally accessible negative 

charge density of the MLCT excited state. This is indicative of intercalation of 

polypyridyl ruthenium(II) complexes within hydrophobic structures, for example 

DNA and other biomolecules198,199. No such hypsochromic shift, nor significantly 

enhanced luminescence occurs in the presence of 102, owing to the collapsed cavity 

of the host which provides no shelter for the guest. 
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Figure 3.61 – Left: luminescence emission  spectra of 109 (0.001 mM) excited at 454 nm with 

101 (A: 5 mM, B: 2 mM, C: 1 mM, D: 0.8 mM, E: 0.7 mM, F: 0.6 mM, G: 0.4 mM, H: 0.2 mM, 

I: 0.1 mM, J: 0.08 mM, K: 0.06 mM, L: 0.04 mM, M: 0.02 mM), solutions made in 0.1 M 

NaOH/H2O and annealed for 1 hour at 60°C. Right: data processed from the luminescence 

intensity at 584 nm, where Logβ = 3.9, error = ± 0.1, 𝑥 =  −𝐿𝑜𝑔(𝑎 − 
𝑏

𝐼𝑙𝑢𝑚𝑚𝑎𝑥−𝐼𝑙𝑢𝑚
𝐼𝑙𝑢𝑚−𝐼𝑙𝑢𝑚𝑚𝑖𝑛

+1
),  𝑦 =

 𝐿𝑜𝑔(
𝐼𝑙𝑢𝑚𝑚𝑎𝑥−𝐼𝑙𝑢𝑚

𝐼𝑙𝑢𝑚− 𝐼𝑙𝑢𝑚𝑚𝑖𝑛
), a = concentration of host, b = concentration of guest, Ilum = luminescence 

intensity, Ilummax = maximum value of Ilum, Ilummin = minimum value of Ilum. 
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Figure 3.62 – Left: luminescence emission spectra of 109 (0.001 mM) excited at 454 nm with 

101 (A: 5 mM, B: 2 mM, C: 1 mM, D: 0.8 mM, E: 0.7 mM, F: 0.6 mM, G: 0.4 mM, H: 0.2 mM, 

I: 0.1 mM, J: 0.08 mM, K: 0.06 mM, L: 0.04 mM, M: 0.02 mM, N: 0.01 mM, O: 8 x 10-3 mM, 

P: 5 x 10-3 mM, Q: 2 x 10-3 mM), solutions made in H2O, pH 7 (0.1 M phosphate buffer). Right: 

data processed from the luminescence intensity at 584.5 nm, where Logβ = 3.9, error = ± 0.1. 

 

Figure 3.63 – Left: luminescence emission spectra of 109 (0.001 mM) excited at 454 nm with 

102 (A: 4 mM, B: 2 mM, C: 1 mM, D: 0.8 mM, E: 0.7 mM, F: 0.6 mM, G: 0.4 mM, H: 0.11 

mM, I: 0.1 mM, J: 0.08 mM, K: 0.06 mM, L: 0.04 mM, M: 0.02 mM), solutions made in 0.1 M 

NaOH/H2O. Right: data processed from the luminescence intensity at 599 nm, where Logβ = 

not determinable. 
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Figure 3.64 – Left: luminescence emission spectra of 109 (0.001 mM) excited at 454 nm with 

102 (A: 5 mM, B: 2 mM, C: 1 mM, D: 0.8 mM, E: 0.7 mM, F: 0.6 mM, G: 0.4 mM, H: 0.1 mM, 

I: 0.08 mM, J: 0.06 mM, K: 0.04 mM, L: 0.02 mM, M: 0.01 mM, N: 8 x 10-3 mM), solutions 

were made in H2O, pH 7 (0.1 M phosphate buffer). Right: data processed from the 

luminescence intensity at 601 nm, where Logβ = not determinable. 

 

 

Figure 3.65 – Left: luminescence emission spectra of 109 (0.001 mM) excited at 454 nm with 

103 (A: 5 mM, B: 2 mM, C: 1 mM, D: 0.8 mM, E: 0.7 mM, F: 0.4 mM, G: 0.1 mM, H: 0.08 

mM, I: 0.06 mM, J: 0.02 mM, K: 0.01 mM, L: 8 x 10-3 mM, M: 5 x 10-3 mM, N: 2 x 10-3 mM), 

solutions made in 0.1 M NaOH/H2O. Right: data processed from the luminescence intensity 

at 586 nm, where Logβ = 4.4, Logβ error = ± 0.1. 



137 

 

 

Figure 3.66 – Left: luminescence emission spectra of 109 (0.001 mM) excited at 454 nm with 

103 (A: 5 mM, B: 2 mM, C: 1 mM, D: 0.8 mM, E: 0.7 mM, F: 0.6 mM, G: 0.4 mM, H: 0.2 mM, 

I: 0.1 mM, J: 0.08 mM, K: 0.06 mM, L: 0.04 mM, M: 0.02 mM, N: 0.01 mM, O: 8 x 10-3 mM, 

P: 5 x 10-3 mM), solutions were made in H2O, pH 7 (0.1 M phosphate buffer). Right: data 

processed from the luminescence intensity at 584 nm, where Logβ = 4.2, error = ± 0.1. 

 

Table 3.18 summarises the Logβ and L.E. data for guest 109 at pH 7 and 13. Logβ 

consistently remains around 4 for 101/103, as was calculated in the 1H NMR and UV-

vis spectroscopic analyses. L.E.exp is generally greater for 109 than those obtained with 

guest 108, as expected this is due to the larger surface area of phenanthroline in 

contrast to bipyridine13. Host 102 and 109 mixtures did not exhibit significant L.E.exp 

and therefore Logβ is indeterminable. 
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Table 3.18 -  Binding constants (β, in M-1 units, reported as Logβ values) and 

luminescent enhancement factors (L.E.) of guest 109  with hosts 101–103, in 0.1 M 

NaOH/H2O basic and neutral phosphate buffered solutions. 

 

Where * indicates where the property change was too small to estimate a value, – means the 

property was indeterminable in the concentration range studied, so Logβ <2, L.E.exp means 

the experimental L.E. and L.E.extrap is the L.E. as a result of the extrapolation procedure. Logβ 

error = ± 0.1. 

 

3.4.2.4. Summary of binding constants 

The summary of Logβ calculated using NMR, UV-vis absorption and luminescence 

spectroscopy is outlined in Table 3.19 for guest 108 in the presence of hosts 101-103. 

Zero perturbation in absorbance spectra was observed for all hosts and it was 

concluded that this analytical technique is insensitive to the interaction between host 

and guest in this case, therefore Logβ could not be calculated. It was also established 

that host 102 is not capable of forming significant association with guest 108 due to 

its ‘closed’ orientation. Small induced chemical shift changes were observed in 1H 

NMR spectra of 102 with 108 due to π-π attraction of the host and guest aromatic rings, 

although these were too small to calculate Logβ and therefore it is considered that host 

102 and 108 mostly do not associate. Guest 108 binding with ‘open’ hosts 101 and 103 

is evidenced by induced 1H NMR chemical shift changes and luminescent 

enhancement of 108 with increasing concentration of host. Logβ values are slightly 

reduced when calculated using luminescence compared with NMR spectroscopy. 

Generally Logβ is constant in the cases of 101/103 where temperature and pH is varied, 

where logβ ≈ 3-4 is reported in literature for the intercalation of 108 with DNA158,168. 
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Table 3.19 – Binding constants (β, in M-1 units, reported as Logβ values) measured 

under various conditions, with NMR, UV-vis and luminescence spectroscopic 

analyses, with guest 108 and hosts 101–103, in 0.1 M NaOH/H2O. 

 

Where – means the property was indeterminable in the concentration range studied, so Logβ 

<2, ~ means the analysis was not or could not be attempted. Logβ error = ± 0.1. 

 

In the case of larger cyclophane [3+3]-hosts 110-112, Logβ is much increased due to 

the nature of the inclusive versus intercalative binding for the [2+2]-alternatives as 

summarised in Table 3.20. No decrease in Logβ calculated by luminescence studies is 

present in this case and Logβ is effectively constant irrespective of method of 

quantification or pH. 

Logβ values for guest 109 with hosts 101-103 are supplied in Table 3.21. Due to 

broadened  1H NMR spectra at room temperature, Logβ data calculated by NMR 

spectroscopy was analysed at 60°C. Temperature was found to have little influence on 

the Logβ results with 108 and therefore NMR spectral studies at elevated temperature 

can be compared with room temperature studies conducted with UV-vis absorbance 

and luminescence emission analyses. In all cases Logβ could not be calculated between 

102 and 109, due to the lack of a suitably large hydrophobic cavity to support inclusion 

of the guest. Interestingly, Logβ data could be calculated by UV-vis spectroscopic 

titration with 109, the only case where this was effective. This is most likely due to the 

extended π – system and larger size of the ligand which is intercalating within the host 

cavity, which also caused the increased strength of binding between 101/103 and 109. 

Luminescence studies provided approximately consistent Logβ values when compared 

between the other analytical methods and variation in pH. Luminescence enhancement 
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relied on the partial protection of guest from aqueous solvent during intercalation into 

the host. 

Table 3.20 – Binding constants (β, in M-1 units, reported as Logβ values) measured 

under various conditions, with NMR, UV-vis and luminescence spectroscopic 

analyses, with guest 108 and hosts 110 – 112, in 0.1 M NaOH/H2O
174. 

 

Where – means the property was indeterminable in the concentration range studied, so Logβ 

<2, ~ means the analysis was not or could not be attempted. Logβ error = ± 0.1. 

 

Table 3.21 – Binding constants (β, in M-1 units, reported as Logβ values) measured 

under various conditions, with NMR, UV-vis and luminescence spectroscopic 

analyses, with guest 109 and hosts 101–103, in 0.1 M NaOD/D2O or NaOH/H2O. 

 

Where – means the property was indeterminable in the concentration range studied, so Logβ 

<2, ~ means the analysis was not or could not be attempted. Logβ error = ± 0.1. 
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The Logβ value summary for guest 109 with hosts 110–112 is provided in Table 3.22. 

Again, Logβ values are enlarged compared with the smaller hosts 101/103, as guest 

109 is inclusively bound. Although 1H NMR spectra were broadened at room 

temperature for these larger hosts too, they were adequately discernible to calculate 

approximate Δδ values and therefore Logβ values. Logβ data are largely equivalent 

irrespective of variations in temperature or analytical method. 

 

Table 3.22 – Binding constants (β, in M-1 units, reported as Logβ values) measured 

under various conditions, with NMR, UV-vis and luminescence spectroscopic 

analyses, with guest 109 and hosts 110–112, in 0.1 M NaOD/D2O or NaOH/H2O 174. 

 

Where – means the property was indeterminable, ~ means the analysis was not or could not 

be attempted. Logβ error = ± 0.1. 

 

3.4.2.5. Luminescence emission quenching by phenolates 

As discussed in the introduction to this chapter, polar molecules for example O2 and 

H2O can enhance the radiationless transitions of the excited 3MLCT state to ground 

state and hence quench the luminescence of 108/109. Similarly, electron donating 

molecules can limit the luminescence emission of the guest by engaging in PET 

processes with it.  As the excited triplet electron density is located on the ligand 

moieties, it is expected that with their intercalative binding with hosts 101 and 103, 

they will experience a degree of protection from quenching which is not experienced 

with host 102200. To evaluate the degree of protection offered to guest 108 and 109 by 

hosts 101-103, phenolates were added to the host-guest mixtures and the degree of 
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quenching was compared to solutions where host is absent. Phenols 113–117 are 

dissolved in 0.1M NaOH/ H2O, after which they are deprotonated becoming anionic 

phenolates. 

 

The PET mechanism for phenolate quenching involves the donation of the phenolate 

electron to the excited state of the ruthenium(II) metal, quenching luminescence.  

There is a negative correlation between steric bulk and the rate of phenolate quenching 

(kq). As the bulky substituents around the phenolate and indeed around the 

ruthenium(II) reactive centre increase the rate of electron transfer becomes less 

efficient, having to travel over a wider distance201. For this reason, it could be 

hypothesised that kq for 113 > 114 > 115 > 116 > 117. However, electron 

donating/withdrawing ability of neighbouring substituents also play a role. The former 

will increase the rate of electron donation to the ruthenium(II) guest, while the latter 

will make the oxidation potential more energy demanding. The enlarged π-system of 

113 should also enhance its electron donation. Charge also plays a role in the rate of 

quenching, as association of water molecules around the phenolate may prevent the 

PET process by forming H-bonds with -O- group201. 

To quantitatively assess the degree of protection offered by each host, the host 

protection factor (HPF) is calculated as outlined in Equation 3.12. Where the 

quenching rate constants in the presence and absence of host are calculated using the 

Stern-Volmer equation, which is derived along the following lines202. In all cases the 

concentrations of hosts 101-103 do not result in 100 % bound guest, therefore the true 

HPF should be larger than that calculated. 

𝐻𝑃𝐹 =  
𝑘𝑞′

𝑘𝑞′′′
 

- Equation 3.12 

Where HPF = host protection factor, kq’= quenching rate constant in absence of host, kq’’’= 

quenching rate constant in presence of host  
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Without host: 

𝐼0

𝐼𝑛𝑜 𝑝ℎ𝑒𝑛𝑜𝑙𝑎𝑡𝑒
= 1 +  𝑘𝑞 .  𝜏0[𝑂2] 

- Equation 3.13 

 

𝐼0

𝐼𝑝ℎ𝑒𝑛𝑜𝑙𝑎𝑡𝑒
= 1 + 𝑘𝑞 .  𝜏0[𝑂2] +  𝑘𝑞′ .  𝜏0[𝑝ℎ𝑒𝑛𝑜𝑙𝑎𝑡𝑒] 

- Equation 3.14 

 

From Equation 3.13 and Equation 3.14, (3.14)/(3.13): 

 

𝐼𝑛𝑜 𝑝ℎ𝑒𝑛𝑜𝑙𝑎𝑡𝑒

𝐼𝑝ℎ𝑒𝑛𝑜𝑙𝑎𝑡𝑒
= 1 +  

𝑘𝑞′ .  𝜏0[𝑝ℎ𝑒𝑛𝑜𝑙𝑎𝑡𝑒]

1 +  𝑘𝑞 .  𝜏0[𝑂2]
 

- Equation 3.15 

𝑘𝑞′ =  (
𝐼𝑛𝑜 𝑝ℎ𝑒𝑛𝑜𝑙𝑎𝑡𝑒

𝐼𝑝ℎ𝑒𝑛𝑜𝑙𝑎𝑡𝑒
 − 1) (

𝐼0

𝐼𝑛𝑜 𝑝ℎ𝑒𝑛𝑜𝑙𝑎𝑡𝑒
)

1

𝜏0 [𝑝ℎ𝑒𝑛𝑜𝑙𝑎𝑡𝑒]
 

- Equation 3.16 

Where kq’ = phenolate quenching rate constant to guest without host, kq = O2 quenching rate 

constant to guest without host, Ino phenolate = luminescence intensity of guest in water, Iphenolate = 

luminescence intensity of guest and phenolate in water, Io = luminescence intensity of guest in 

argon bubbled water, [phenolate] = concentration of phenolate, and luminescence lifetime of 

guest, τ0 = 560 ns or 962 ns for 108 and 109 respectively (water, pH = 13)203. 

 

With host 101/102/103: 

𝐼0 𝑤𝑖𝑡ℎ ℎ𝑜𝑠𝑡

𝐼𝑛𝑜 𝑝ℎ𝑒𝑛𝑜𝑙𝑎𝑡𝑒 𝑤𝑖𝑡ℎ ℎ𝑜𝑠𝑡
= 1 +  𝑘𝑞′′ .  𝜏0[𝑂2] 

- Equation 3.17 
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𝐼0 𝑤𝑖𝑡ℎ ℎ𝑜𝑠𝑡

𝐼𝑝ℎ𝑒𝑛𝑜𝑙𝑎𝑡𝑒 𝑤𝑖𝑡ℎ ℎ𝑜𝑠𝑡
= 1 + 𝑘𝑞′′ .  𝜏0[𝑂2] +  𝑘𝑞′′′ .  𝜏0[𝑝ℎ𝑒𝑛𝑜𝑙𝑎𝑡𝑒] 

- Equation 3.18 

 

From Equation 3.17 and Equation 3.18, (3.18)/(3.17): 

𝐼𝑛𝑜 𝑝ℎ𝑒𝑛𝑜𝑙𝑎𝑡𝑒 𝑤𝑖𝑡ℎ ℎ𝑜𝑠𝑡

𝐼𝑝ℎ𝑒𝑛𝑜𝑙𝑎𝑡𝑒 𝑤𝑖𝑡ℎ ℎ𝑜𝑠𝑡
= 1 +  

𝑘𝑞′′′ .  𝜏0[𝑝ℎ𝑒𝑛𝑜𝑙𝑎𝑡𝑒]

1 +  𝑘𝑞′′ .  𝜏0[𝑂2]
 

- Equation 3.19 

𝑘𝑞
′′′ =  (

𝐼𝑛𝑜 𝑝ℎ𝑒𝑛𝑜𝑙𝑎𝑡𝑒 𝑤𝑖𝑡ℎ ℎ𝑜𝑠𝑡

𝐼𝑝ℎ𝑒𝑛𝑜𝑙𝑎𝑡𝑒 𝑤𝑖𝑡ℎ ℎ𝑜𝑠𝑡
 − 1) (

𝐼0 𝑤𝑖𝑡ℎ ℎ𝑜𝑠𝑡

𝐼𝑛𝑜 𝑝ℎ𝑒𝑛𝑜𝑙𝑎𝑡𝑒 𝑤𝑖𝑡ℎ ℎ𝑜𝑠𝑡
)  

1

𝜏0[𝑝ℎ𝑒𝑛𝑜𝑙𝑎𝑡𝑒]
  

- Equation 3.20 

Where kq’’’ = phenolate quenching rate constant to guest in the presence of host, kq’’= O2 

quenching rate constant to guest in the presence of host. Ino phenolate with host = luminescence 

intensity of guest in water in the presence of host, Iphenolate with host = luminescence intensity of 

guest and phenolate in water in the presence of host, I0 with host = luminescence intensity of guest 

in argon gas bubbled water, [phenolate] = concentration of phenolate and τo = 560 ns or 962 

ns for 108 and 109 respectively (water, basic pH)203.  

 

The (
𝐼0

𝐼𝑛𝑜 𝑝ℎ𝑒𝑛𝑜𝑙𝑎𝑡𝑒
) and (

𝐼0 𝑤𝑖𝑡ℎ ℎ𝑜𝑠𝑡

𝐼𝑛𝑜 𝑝ℎ𝑒𝑛𝑜𝑙𝑎𝑡𝑒 𝑤𝑖𝑡ℎ ℎ𝑜𝑠𝑡
) terms of Equation 3.16 and Equation 3.20 

are calculated from the luminescence analysis of 108/109 in the absence or presence 

of host respectively, under anaerobic conditions. This environment is created by 

bubbling argon gas through each sample for 3 minutes prior to luminescent spectral 

analysis. These terms allow the baseline quenching of 108/109 in water to be assessed 

in the absence of O2, allowing the determination of kq’ as a result of O2 quenching 

exclusively. The spectra for anaerobic experiments and the corresponding calculation 

for the anaerobic terms are provided in Figure 3.67 and Table 3.23 respectively. 
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Figure 3.67 – Luminescence emission assessment of the luminescence quenching of 108 and 

109 by air in 0.1 M NaOH/H2O solutions, excited at 454 nm, where a) guest 108 alone 

(0.005mM), and with hosts 101– 103 (3 mM), b) 109 alone (0.005 mM), and with hosts 101-

103 (3 mM). Where .An denotes samples under anaerobic conditions. 

 

Table 3.23 – Areas (550–700nm) associated with the luminescence emission spectra 

assessing the luminescence quenching of 108 and 109 by air (Figure 3.67) and the 

calculation of (
𝐼0

𝐼𝑛𝑜 𝑝ℎ𝑒𝑛𝑜𝑙𝑎𝑡𝑒
) and (

𝐼0 𝑤𝑖𝑡ℎ ℎ𝑜𝑠𝑡

𝐼𝑛𝑜 𝑝ℎ𝑒𝑛𝑜𝑙𝑎𝑡𝑒 𝑤𝑖𝑡ℎ ℎ𝑜𝑠𝑡
) terms. 
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The degree of association between guest 109 and hosts 101/103 is evidenced in Figure 

3.67 by the hypsochromic shift in the spectra, in contrast to that of host 102 which is 

most similar to spectra with guest 109 alone. 

Figure 3.68 - Figure 3.70 show the degree of quenching of 113 with guest 108. Figure 

3.68 shows the full figure caption which can be used as reference throughout this 

section. These spectra show the decrease of guest 108 luminescence emission as 

phenolate concentration is increased. The two examples of quenching in the absence 

and presence of host provided in each case can be contrasted to ascertain the steric 

protection offered from host to guest. 

Firstly, the phenolates’ ability to quench luminescence in the absence of host must be 

assessed. In all cases, spectra without added host exhibit a dramatic decrease in 108’s 

luminescence when a small amount of 113 is added. Visually comparing the spectra 

involving hosts 101, 102 and 103, we can deduce that there is an increase in the 

intensity of the set of spectra when compared to those in the absence of host; therefore, 

each host offers a degree of protection to 108 from 113. To quantitatively compare kq’’’ 

for each host, the data must be processed in the manner displayed in the bottom panels 

of  Figure 3.68 - Figure 3.70; where the gradient of the initial slope supplies the last 

term,  y =

Ino phenolate (with host)

Iphenolate (with host) 
 −1

[𝑝ℎ𝑒𝑛𝑜𝑙𝑎𝑡𝑒]
  required to satisfy Equation 3.16 and Equation 3.20; 

HPF can then be calculated, a compilation of which is provided in Table 3.24. The rate 

of quenching has been reduced slightly with addition of host in each case, where HPFs 

are 3.9, 2.6 and 2.9 for hosts 101, 102 and 103 respectively. Interestingly this shows 

that host 102 protects 108 by a moderate amount. A small proportion of host 102 may 

associate with the ligands of 108 by π-π interaction and ion-pairing, resulting in a 

degree of steric protection surrounding the ruthenium(II) centre. The slightly increased 

HPFs for 101 and 103 point to their increased association with 108 and the intercalative 

interaction which they have with each other. However, due to the limited driving force 

for the relatively small π-system of bipyridine to escape water, the ligand cannot 

intercalate deeply into the host. The structural requirement to avoid its second and third 

bipyridine clashing with the host structure is also important; therefore, the 

ruthenium(II) centre remains largely exposed.  
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Figure 3.68 – Luminescence emission spectra of 108 with phenolate 113 (A: 0 mM, B: 1 mM, 

C: 2 mM, D: 4 mM, E: 6 mM, F: 8 mM, G: 10 mM) in 0.1 M NaOH/H2O  solutions. Left 

panels: luminescence spectra of 108 with phenolate 113 and below related Stern-Volmer plots 

where 𝑦 =
𝐼𝑛𝑜 𝑝ℎ𝑒𝑛𝑜𝑙𝑎𝑡𝑒

𝐼𝑝ℎ𝑒𝑛𝑜𝑙𝑎𝑡𝑒 
 − 1, Ino phenolate = luminescence intensity area (550- 700 nm) without 

phenol in absence of host, Iphenolate = luminescence intensity area (550- 700 nm) with phenol 

in absence of host. Right panels: luminescence spectra of 108 with phenolate 113 with added 

host 101 and below related Stern-Volmer plots where 𝑦 =
𝐼𝑛𝑜 𝑝ℎ𝑒𝑛𝑜𝑙𝑎𝑡𝑒 𝑤𝑖𝑡ℎ ℎ𝑜𝑠𝑡

𝐼𝑝ℎ𝑒𝑛𝑜𝑙𝑎𝑡𝑒 𝑤𝑖𝑡ℎ ℎ𝑜𝑠𝑡 
 − 1, Ino phenolate 

with host = luminescence intensity area (550- 700 nm)  without phenol in the presence of host, 

Iphenolate with host = luminescence intensity area (550- 700 nm) with phenol in the presence of host. 

Error = ± 10%. 
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Figure 3.69 – Luminescence emission spectra of 108 with phenolate 113 (A-G: 0 – 10 mM) in        

0.1 M NaOH/H2O solutions. Left panels: luminescence spectra of 108 with phenolate 113 and 

below related Stern-Volmer plots. Right panels: luminescence spectra of 108  with phenolate 

113 with added host 102 and below related Stern-Volmer plots. 
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Figure 3.70 – Luminescence emission spectra of 108 with phenolate 113 (A-G: 0 – 10 mM) in        

0.1 M NaOH/H2O  solutions. Left panels: luminescence spectra of 108 with phenolate 113 and 

below related Stern-Volmer plots. Right panels: luminescence spectra of 108  with phenolate 

113 with added host 103 and below related Stern-Volmer plots. 

 

Due to the increased hydrophobicity of the larger π-system of phenanthroline and its 

better overlap with 101/103 compared with bipyridyl, as evidenced in the previous 

binding studies of 108 and 109, it is expected that there will be a deeper intercalation 

and that the degree of host protection will increase as we move to study guest 109. By 

visually inspecting the spectra in Figure 3.71 – Figure 3.73, it is obvious that hosts 101 

and 103 provide greater protection to 109 when compared to the previous studies with 

108. It is also evident that 101/103 provide significantly more protection against 113 

in comparison to host 102. It should be highlighted that the increased steric bulk of the 

phenanthroline compared with bipyridine attributes to a slight decrease in the kq’ in the 

absence of host, as the proximity of the phenolate to the ruthenium(II) centre is 

reduced. This is evidenced by the decrease in kq’ with 113 between 108 and 109 as 

shown in Table 3.24. By comparing the HPFs which are 11.3, 2.5, 10.7 for 101, 102 

and 103 respectively we can correlate the intercalative binding with host 101/103 to 

the significantly increased protection of 109. In this case HPF of 102 in the presence 
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109 is approximately equivalent to that with 108, showing that 102 has a small 

influence on each guest. 

 

 

Figure 3.71 – Luminescence emission spectra of 109 with phenolate 113 (A-G: 0 – 10 mM) in        

0.1 M NaOH/H2O  solutions. Left panels: luminescence spectra of 109 with phenolate 113 and 

below related Stern-Volmer plots. Right panels: luminescence spectra of 109 with phenolate 

113 with added host 101 and below related Stern-Volmer plots. 
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Figure 3.72 – Luminescence emission spectra of 109 with phenolate 113 (A-G: 0–10 mM) in        

0.1 M NaOH/H2O  solutions. Left panels: luminescence spectra of 109 with phenolate 113 and 

below related Stern-Volmer plots. Right panels: luminescence spectra of 109 with phenolate 

113 with added host 102 and below related Stern-Volmer plots. 
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Figure 3.73 – Luminescence emission spectra of 109 with phenolate 113 (A-G: 0 – 10 mM) in        

0.1 M NaOH/H2O  solutions. Left panels: luminescence spectra of 109 with phenolate 113 and 

below related Stern-Volmer plots. Right panels: luminescence spectra of 109 with phenolate 

113 with added host 103 and below related Stern-Volmer plots. 

 

The second phenolate in the series 114, contains a flanking carboxylate group which 

is expected to hinder the quenching of guest. Phenolate quenching studies for 108 in 

the presence of 114 are shown in Figure 3.74 - Figure 3.76. As shown by the spectra 

in the absence of host, 114 is unable to quench 108 efficiently where luminescence 

emission remains high in relatively concentrated samples of phenolate (6 mM). This 

may be attributed to a few factors; as highlighted previously, the ortho position of the 

carboxylate group can sterically hinder the proximity of 114 to the ruthenium(II) metal 

centre, preventing effective overlap for the PET process and reducing the rate of 

quenching. Increasing the polarity of the phenolate, leads to an increased amount of 

associated water molecules which enlarges the size of the phenolate and increases its 

bulkiness. In all three cases, the hosts decrease the rate of quenching by a similar factor 

of ca. 2 as shown in Table 3.24, however, since these kq’’’ values are similarly small 
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and since the kq’ value is far below the diffusion rate of 1010 M-1s-1 203, no clear 

conclusions can be drawn from this set.  

 

Figure 3.74 – Luminescence emission spectra of 108 with phenolate 114 (A-E: 0 – 6 mM) in 

0.1M NaOH/H2O  solutions. Left panels: luminescence spectra of 108 with phenolate 114 and 

below related Stern-Volmer plots. Right panels: luminescence spectra of 108 with phenolate 

114 with added host 101 and below related Stern-Volmer plots. 
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Figure 3.75 – Luminescence emission spectra of 108 with phenolate 114 (A-E: 0 – 6 mM) in 

0.1M NaOH/H2O  solutions. Left panels: luminescence spectra of 108 with phenolate 114 and 

below related Stern-Volmer plots. Right panels: luminescence spectra area (550- 700 nm) of 

108 with phenolate 114 with added host 102 and below related Stern-Volmer plots. 
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Figure 3.76 – Luminescence emission spectra of 108 with phenolate 114 (A-E: 0 – 6 mM) in            

0.1 M NaOH/H2O  solutions. Left panels: luminescence spectra of 108 with phenolate 114 and 

below related Stern-Volmer plots. Right panels: luminescence spectra of 108 with phenolate 

114 with added host 103 and below related Stern-Volmer plots. 

 

Phenolate quenching studies for 109 in the presence of 114 are shown in Figure 3.77 - 

Figure 3.79. In these cases, the distinction between hosts 101/103 and 102 is more 

obvious, despite the phenolate’s inability to effectively quench 109. The more 

protective mode of binding in 101/103 is evidenced by their slightly raised kq’’’ and 

HPF values when compared to those of 102. Still, the conclusions here must be 

tempered because the corresponding kq’ value is so much lower than the diffusion rate. 
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Figure 3.77 – Luminescence emission spectra of 109 with phenolate 114 (A-E: 0 – 6 mM) in           

0.1 M NaOH/H2O  solutions. Left panels: luminescence spectra of 109 with phenolate 114 and 

below related Stern-Volmer plots. Right panels: luminescence spectra of 109 with phenolate 

114 with addition host 101 and below related Stern-Volmer plots. 
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Figure 3.78 – Luminescence emission spectra of 109 with phenolate 114 (A-E: 0 – 6 mM) in           

0.1 M NaOH/H2O  solutions. Left panels: luminescence spectra of 109 with phenolate 114 and 

below related Stern-Volmer plots. Right panels: luminescence spectra of 109 with phenolate 

114 with added host 102 and below related Stern-Volmer plots. 
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Figure 3.79 – Luminescence emission spectra of 109 with phenolate 114 (A-E: 0 – 6 mM) in           

0.1 M NaOH/H2O  solutions. Left panels: luminescence spectra of 109 with phenolate 114 and 

below related Stern-Volmer plots. Right panels: luminescence spectra of 109 with phenolate 

114 with added host 103 and below related Stern-Volmer plots. 

 

Phenolate 115 displays doubly sterically hindering methyl groups at ortho positions, 

however, being electron donating species these constituents can increase the 

phenolate’s ability to perform PET with the ruthenium(II) centre. Figure 3.80 - Figure 

3.82 show that 115 can effectively quench the luminescence emission of 108 in the 

absence of host, despite the presence of 2,6-functionalities. Where host is added, 

moderately elevated spectra are observed in all three cases. Table 3.24 shows the HPF 

for each host to be approximately equivalent i.e., 108 is relatively unprotected from 

phenolate 115 in each example, despite knowing that 108 is bound by 101/103. It 

appears that HPF values need to be rather large (>2) and kq’ values need to be near-

diffusional for this phenolate quenching method to be a useful diagnostic tool for host-

guest complexation. 
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Figure 3.80 – Luminescence emission spectra of 108 with phenolate 115 (A-G: 0 – 10 mM) in           

0.1 M NaOH/H2O  solutions. Left panels: luminescence spectra of 108 with phenolate 115 and 

below related Stern-Volmer plots. Right panels: luminescence spectra of 108 with phenolate 

115 with added host 101 and below related Stern-Volmer plots. 
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Figure 3.81 – Luminescence emission spectra of 108 with phenolate 115 (A-G: 0 – 10 mM) in           

0.1 M NaOH/H2O  solutions. Left panels: luminescence spectra of 108 with phenolate 115 and 

below related Stern-Volmer plots. Right panels: luminescence spectra of 108 with phenolate 

115 with added host 102 and below related Stern-Volmer plots. 
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Figure 3.82 – Luminescence emission spectra of 108 with phenolate 115 (A-G: 0 – 10 mM) in           

0.1 M NaOH/H2O  solutions. Left panels: luminescence spectra of 108 with phenolate 115 and 

below related Stern-Volmer plots. Right panels: luminescence spectra of 108 with phenolate 

115 with added host 103 and below related Stern-Volmer plots. 

 

Figure 3.83 - Figure 3.85 show the phenolate quenching data for 109 with 115, in the 

absence and presence of hosts 101-103. 101 and 103 provide an effective steric 

protection to 109 from 115, as luminescence emission is significantly increased upon 

addition of host. There is little difference between the absence and presence of host 

102 to observe visually, confirming that 109 does not associate significantly with 102. 

This is further established in Table 3.24 where kq’’’ involving 101/103 are much lower 

than with 102. HPF are 6.7, 2.2 and 6.4 for 101, 102 and 103 respectively, where the 

middle term is in keeping with the data associated with guest 108, which showed 

minimal protection with addition of host.  
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Figure 3.83 – Luminescence emission spectra of 109 with phenolate 115 (A-G: 0 – 10 mM) in           

0.1 M NaOH/H2O  solutions. Left panels: luminescence spectra of 109 with phenolate 115 and 

below related Stern-Volmer plots. Right panels: luminescence spectra of 109 with phenolate 

115 with added host 101 and below related Stern-Volmer plots. 
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Figure 3.84 – Luminescence emission spectra of 109 with phenolate 115 (A-G: 0 – 10 mM) in           

0.1 M NaOH/H2O  solutions. Left panels: luminescence spectra of 109 with phenolate 115 and 

below related Stern-Volmer plots. Right panels: luminescence spectra of 109 with phenolate 

115 with added host 102 and below related Stern-Volmer plots. 
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Figure 3.85 – Luminescence emission spectra of 109 with phenolate 115 (A-G: 0 – 10 mM) in           

0.1 M NaOH/H2O  solutions. Left panels: luminescence spectra of 109 with phenolate 115 and 

below related Stern-Volmer plots. Right panels: luminescence spectra of 109 with phenolate 

115 with added host 103 and below related Stern-Volmer plots. 

 

Figure 3.86 - Figure 3.87 show the spectra related to the luminescence quenching of 

108  and 109 with phenolate 116 in the absence and presence of hosts 101-103. These 

spectra show very little luminescence quenching upon addition of phenolate as high as 

10 mM, in the absence of host. Upon addition of hosts, there appears to be no 

significant trend in increasing or decreasing luminescence emission and therefore 

since 116 is unable to quench guests 108 and 109 to an adequate degree, zero host 

protection information can be gleaned.  
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Figure 3.86 – Luminescence emission spectra of 108 with phenolate 116 (A-G: 0 – 10 mM) in           

0.1 M NaOH/H2O solutions. Luminescence spectra of top: 108  with phenolate 116 alone, 

bottom left: 108 with phenolate 116 with added host 101, bottom middle: 108 with phenolate 

116 with added host 102, and bottom left: 108 with phenolate 116 with added host 103.  

 

 

Figure 3.87 – Luminescence emission spectra of 109 with phenolate 116 (A-G: 0 – 10 mM) in           

0.1 M NaOH/H2O solutions. Luminescence spectra of top: 109 with phenolate 116 alone, 

bottom left: 109 with phenolate 116 with addition of host 101, bottom middle: 109 with 

phenolate 116 with added of host 102, and bottom left: 109 with phenolate 116 with addition 

of host 103. 
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Phenolate 116 experiences double the difficulties associated with 114, having two 

flanking carboxylates. Additionally, complications with associated water molecules 

and steric problems make 116 a poor quencher and so no quenching rate constants and 

therefore HPFs values could be calculated.  

Finally, the last phenolate in the series, 117, is the most sterically bulky with two 

aromatic rings containing four carboxylate groups at ortho positions to the phenolate 

groups. Figure 3.88 - Figure 3.90 show the luminescence quenching experiments 

involving guest 108, with 117 in the absence and presence of host. Surprisingly 117 

appears to be a slightly better quencher in comparison to 116, despite having double 

the carboxylate groups. Having double the phenolate entities which increases the 

probability of successful electron donation to 108. By visually inspecting the spectra 

with addition of host, it is difficult to notice a significant difference in luminescence 

emission. Quantitatively speaking, the kq’ and kq’’’ are similar producing negligible 

protection factors of 1.4, 1.5 and 1.6 for 101, 102 and 103 respectively.  

 

Figure 3.88 – Luminescence emission spectra of 108 with phenolate 117 (A-E: 0 – 6 mM) in           

0.1 M NaOH/H2O  solutions. Left panels: luminescence spectra of 108 with phenolate 117 and 

below related Stern-Volmer plots. Right panels: luminescence spectra of 108 with phenolate 

117 with added host 101 and below related Stern-Volmer plots. 
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Figure 3.89 – Luminescence emission spectra of 108 with phenolate 117 (A-E: 0 – 6 mM) in           

0.1 M NaOH/H2O  solutions. Left panels: luminescence spectra of 108 with phenolate 117 and 

below related Stern-Volmer plots. Right panels: luminescence spectra of 108  with phenolate 

117 with added host 102 and below related Stern-Volmer plots. 
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Figure 3.90 – Luminescence emission spectra of 108 with phenolate 117 (A-E: 0 – 6 mM) in           

0.1 M NaOH/H2O  solutions. Left panels: luminescence spectra of 108 with phenolate 117 and 

below related Stern-Volmer plots. Right panels: luminescence spectra of 108 with phenolate 

117 with added host 103 and below related Stern-Volmer plots. 

 

The spectra of 109 with addition of 117 in the absence and presence of host, as shown 

in Figure 3.91 - Figure 3.93 appear to show an increased degree of host protection 

where 101 and 103 have been added.  Table 3.24 confirms that the quenching of 109 

by 117 is much more pronounced for 101/103 than for 102, owing to the intercalative 

complexation in the former, and the limited association with 109 in the latter. 

However, the caveats mentioned above regarding weak quenching apply here too. 
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Figure 3.91 – Luminescence emission spectra of 109 with phenolate 117 (A-E: 0 – 6 mM) in           

0.1 M NaOH/H2O  solutions. Left panels: luminescence spectra of 109 with phenolate 117 and 

below related Stern-Volmer plots. Right panels: luminescence spectra of 109 with phenolate 

117 with added  host 101 and below related Stern-Volmer plots. 
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Figure 3.92 – Luminescence emission spectra of 109 with phenolate 117 (A-E: 0 – 6 mM) in           

0.1 M NaOH/H2O  solutions. Left panels: luminescence spectra of 109 with phenolate 117 and 

below related Stern-Volmer plots. Right panels: luminescence spectra of 109 with phenolate 

117 with added host 102 and below related Stern-Volmer plots. 
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Figure 3.93 – Luminescence emission spectra of 109 with phenolate 117 (A-E: 0 – 6 mM) in           

0.1 M NaOH/H2O  solutions. Left panels: luminescence spectra of 109 with phenolate 117 and 

below related Stern-Volmer plots. Right panels: luminescence spectra of 109 with phenolate 

117 with added host 103 and below related Stern-Volmer plots. 
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Table 3.24 – Compilation of quenching constants under anaerobic and aerobic 

conditions of guests 108 and 109 in the presence of phenolates 113–117 and hosts 

101–103. 

 

Where kq’ = phenolate quenching rate constant to guest in the absence of host, kq’’’ = 

phenolate quenching rate constant to guest in the presence of host. HPF is the host protection 

factor and w/o host means without host present. Where – means the property was 

indeterminable.  In all cases the true HPF > experimental HPF due to incomplete 

complexation under the experimental conditions. Error in measurement = ± 10 %. 

 

The overall trend in the success of the phenolate at quenching luminescence emission 

of 108 and 109, seems to be related to the hydrophobicity/hydrophilicity of the 

structure. 114, 116 and 117 are the worst performing phenolates, which all have 

hydrophilic carboxylate constituents. 116 and 117 also have increased steric 

complications with sterically bulky groups flanking the phenolate functionality 

preventing it from getting effectively close to the ruthenium(II) centre. Additionally, 

the carboxylates bring about association with water to add increased steric bulk. 

Contrastingly 113 and 115 have hydrophobic structures and are the most successful at 

quenching the guests’ luminescence. The hydrophobic character of these phenolates is 

considered to help them associate, or ‘stick’ to the hydrophobic portions of 108 and 

109, i.e., bipyridine and phenanthroline ligands. This increased interaction between 

the two, allows for closer and long duration of proximity which will increase the 

probability of PET and the rate of quenching. For this reason, these phenolates best 
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demonstrate the protective ability of hosts 101–103. Throughout minimal HPF values 

were attained for guest 108. This is logically explained by the moderate size of the 

bipyridyl ligand, its moderate hydrophobicity and the small region of overlap with the 

hosts 101 and 103 as a result. Irrespective of complexation, the complex remains 

largely exposed, thus kq’’’ values remain high and HPF values are comparable over 

the three hosts. Experiments involving guest 109 demonstrated the most pronounced 

differences between spectra in the absence or presence of host 101 and 103, providing 

good contrast between those with host 102 which exhibited minimal difference. HPF 

values were significantly higher for 101/103 in contrast to 102, owing to the strong 

association and intercalation of 109 to the former hosts. These experiments reaffirm 

the belief that host 102 has little-to-no association with 109 under these conditions. 

As evidenced by the binding constant experiments and confirmed with the degree of 

host protection of 108 and 109 in aqueous phenolate solutions, 109 and to a lesser 

extent 108 seek to form intercalation complexes with 101/103, while essentially zero 

interaction is felt between 102 and 108/109. This is interesting as it exhibits the same 

orientation of binding 108/109 as with DNA. The architecture of DNA has an outer 

phosphate backbone of negative charges with a hydrophobic centre with nucleobases, 

this structure is stable in the aqueous environment of cells because the negative charges 

allow it to interact with water molecules on the outside while hydrophobic regions are 

protected. Ruthenium guests like 108/109 and other extended versions, which have 

been outlined in the introduction will tend to intercalate between DNA base pairs with 

π-π stacking interactions, also attracted by electrostatic forces158,169. 101/103 form 

comparable mimics to DNA in this sense, having outer carboxylic acid groups which 

increase the macrocycles’ solubility in water, while phenylene rings and the central 

cavity are hydrophobic. In the same way as with DNA, 109 and to a lesser extent 108 

will intercalate with the open hosts and are held there mostly by π- π interactions, 

electrostatic and hydrophobic forces.  
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3.5. Characterisation spectra of 101-103. 

 3.5.1. 1H NMR spectrum of 101. 
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3.5.2. 13C NMR spectrum of 101. 
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3.5.3. IR spectrum of 101. 
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3.5.4. 1H NMR spectrum of 102. 
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3.5.5. 13C NMR spectrum of 102. 
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3.5.6. IR spectrum of 102. 
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3.5.7. 1H NMR spectrum of 103. 
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3.5.8. 13C NMR spectrum of 103. 
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3.5.9. IR spectrum of 103. 
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3.6. Conclusions and future work 

Three hosts have been examined, reference cyclophane 101 and switchable 

cyclophanes 102 and 103. In the great majority of cases 101 and 103 exhibited 

identical complexation-induced spectral changes and Logβ terms regarding 

appropriate guests, suggesting that the switchable functionality on 103 does not 

hamper its ability to bind with the guest. The all-or-nothing response of hosts 101 and 

103 with guest 104 was demonstrated, as was reported in literature136. The nature of 

this guest was small, ‘flat’ and cationic, predicted as being structural corner-stones for 

complexation with 101–103. However, in this chapter we have shown by means of 

NMR, UV-vis absorption and luminescence spectroscopy that hosts 101–103 can form 

all-or-nothing complexes with large and rounded, metal-containing complexes such as 

108 and 109, which was unexpected at first. The binding similarities and differences 

have been discussed between applicable macrocycles in the series and binding 

constants compared to provide information on which macrocycles should be selected 

for a given application136,174. 

 As outlined in the introduction ruthenium(II) complexes play a part in a wide range 

of applications, hence the ability of capturing or releasing these compounds on cue 

becomes an asset, this is made possible by switchable cyclophane hosts 102/103 and 

larger versions 111/112 . Moreover, complexation of 108 and 109 with hosts 101 and 

103 is mimetic of  biological systems, where ruthenium(II) guests like those mentioned 

intercalate within DNA base pairs exhibiting luminescence enhancements. Having 

further time and resources, commercial intercalating agents could be tested with 

switchable hosts 102/103, potentially allowing delivery of these luminophores to a 

specified location in the body. 

The chapter primarily focusses on providing evidence for or against guest inclusion in 

the presence of cyclophane hosts 103 and 102 respectively. However, providing more 

evidence on how the guests associate would further develop this research. For 

example, although it is unlikely that larger guests 108 and 109 could bind with more 

than one cyclophane host at a time, due to electronic repulsion, it is possible that 

multiple smaller guests may associate with 101 or 103. To investigate this global fitting 

(to disprove 1:1 binding), computational studies and X-ray diffraction studies could be 

employed. 
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Chapter 4: General conclusion and future work 

  

In Chapter 1 research which encompasses this work was reviewed, with the goal of 

investigating host guest interactions by means of IDAs and the synthesis of switchable 

cyclophane hosts highlighted. These outcomes were achieved and were presented in 

the chapters which followed. 

In Chapter 2 the first known optical approach to Z/E alkene differentiation amenable 

to HTS has been presented and discussed. This work is now published in Angewandte 

Chemie Journal204. In-plate oxidation with OsO4 allows for a convenient two-step 

protocol to be created. HTS is achieved by analysing in a 96-well plate format, where 

a result could be accurately determined for ~ forty mixed Z/E samples in under 48 

hours. It is clear that this protocol will aid the characterization of compounds and 

discrimination of isomeric mixtures, where advanced instrumentation or experienced 

analytical technicians are absent. Products of well-known Wittig and E2 elimination 

reactions, as well as unknown samples have been evaluated as proof of concept. The 

IDA achieving a high degree of accuracy (±8 % average error) in its percentage Z/E 

alkene prediction. Thus, pointing to the utility of the IDA in screening catalytic 

selectivity of new catalysts and reaction conditions. Additionally, the identifiable 

difference in colour of the erythro and threo diol solutions has been successfully 

altered with no additional synthetic effort, which may increase the usability of protocol 

by adapting it to the preferences of the end-user. 

As suggested in the chapter, future work would include the analysis of a wider range 

of alkene substrates to further prove the utility of the protocol. Additionally, our 

success with the characterization of long-chain fatty acid 72E/Z, was tempered by 

some solubility issues; preventing the analysis of increasingly hydrophobic, long-

chain fatty acid substrates, as was our goal. To combat this, reassessing the IDA 

solvent may allow us to extend the utility of the protocol to the colorimetric 

characterization of poly-unsaturated fatty-acid compounds. 

Chapter 3 has explored the use of switchable cyclophane structures as hosts for a range 

of molecular guests. Once known for fluorophore-spacer-receptor sensors catching 

simple metal ions, the de Silva group have advanced its grasp of the subject to the 

point where molecules can catch and manipulate molecules. A series of cyclophanes 
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(83/84 and 110/111/112) have been referred to in the text and compared with 

cyclophane [2+2]-hosts 101, 102 and 103 allowing structure-binding relationships to 

be discussed. All analysis was conducted under aqueous conditions, at neutral pH 

where possible, in the aim that selective capture and release of guest molecules may 

be demonstrated in vivo, to deliver therapeutic agents to patients. 

The degree of protection offered to guests 108/109 has been indicated by phenolate 

quenching studies. HPF can serve as an indication of how much the host is able to 

‘hide’ the ruthenium guest and prevent it from functioning e.g. as a photocatalyst205. 

Switchable cyclophane hosts 102 and 103 and other cyclophane hosts in the series may 

prove useful for controlling catalytic activity in solution. 

Host-guest complexes were assumed to be 1:1 in all cases, however, this did not allow 

for  binding between guest 105 and cyclophane hosts 101-103 to be elucidated. Guests 

such as 105 are known to aggregate in aqueous solution, however, further investigation 

of this could lead to interesting properties such as switchable aggregated structures or 

self-assemblies. Further work includes defining the orientation of guest in the host-

guest complex, this could be facilitated by computational studies. 

Although cyclophane hosts 102 and 103 theoretically demonstrate switchable guest 

capture and release, in situ switching by chemical, or electrochemical methods has not 

been demonstrated. Achieving this goal would allow this research to transition from 

theory to gaining real-world utility for example as transport vesicles for catalysis or 

drug delivery applications. 
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Chapter 5: Experimental 

5.1. Chemicals 

All chemicals were purchased from Sigma-Aldrich Chemical Company, Tokyo 

Chemical Industry UK, Alfa Aesar Company, Acros Organics and Fischer Chemical. 

Trisbipyridine ruthenium(II) chloride and trisphenanthroline ruthenium(II) chloride 

used throughout were purchased from Sigma-Aldrich Chemical Company. 

 

5.2. Analytical Instruments 

Flash chromatography was carried out using Merck silica (40-60 μM). Thin layer 

Chromatography (TLC) was performed on Merck silica gel: 60 F254 plates. Proton 

and carbon nuclear magnetic resonance (1H and 13C NMR) spectra were recorded at 

400 or 600 MHz on Bruker-spectrospin 400 UltrashieldTM
  and Bruker AscendTM 600  

spectrometers. CDCl3 and d-DMSO were used as solvents unless otherwise stated. 

Chemical shifts are reported in ppm versus corresponding protiated residues of CDCl3 

(δ = 7.26), and d-DMSO (δ = 2.50) for 1H NMR and CDCl3 (δ = 77.00), and d-DMSO 

(δ = 39.50) for 13C NMR. Coupling constants (J) are quoted in Hertz (Hz). The 

following nomenclature has been used in describing resonances: singlet (s), doublet 

(d), triplet (t), quartet (q), and multiplet (m). When possible, NMR spectra were 

compared with the data reported in literature. Mass spectra were recorded on a VG 

Autospec Spectrometer, Varian Workstation 1200 (ES). Melting points were 

determined on a Reichert Thermovar melting point platform. pH measurements were 

performed on an Orion 720ApH meter with a glass electrode. Absorption spectra were 

recorded on a Beckman DU-640 UV-vis spectrophotometer or Varian Cary 50 UV-

visible spectrophotometer. Fluorescence spectra were recorded on a  Perkin Elmer 

LS55B spectrofluorometer. IR spectra were recorded on an Agilent Technologies Cary 

630 FTIR spectrophotometer. 
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5.3 Experimental Procedures 

5.3.1. General Procedure for UV- Vis spectroscopic titrations 

All IDA titrations were carried out using a 1 cm light path UV-vis quartz semi-micro 

cell, equipped with a rubber septum, and Hamilton gas-tight microliter syringes were 

used to transfer solutions when required. Stock solutions of boronic acid host, 55 

indicator and diol analytes were made in 10 mM solutions of para-toluenesulfonic acid 

and Hunig’s base (N,N-diisopropylethylamine) in spectral grade degassed methanol : 

acetonitrile (v/v 1:1), and the pH of all the solutions was adjusted in the range 8.1 - 

8.4. All measurements were taken at 25 °C. 

Cyclophane [2+2]-host UV-vis binding studies were carried out in a 1cm path length 

UV-vis quartz cell. Solutions were made in 0.1 M NaOH/ H2O, or 0.1 M NaOH/ H2O 

acidified to pH7, solutions where stated. The latter was prepared by adding H3PO4
 to 

the NaOH/ H2O solution, before spotting on to universal indicator paper until ca. pH7 

was achieved. All measurements were taken at 25 °C. 

 

5.3.1.1. Determination of KHI between boronic acid host 64 and indicator 55  

The binding constant KHI of 55 to 64 was calculated by measuring the change in the 

absorbance of the PV indicator with the addition of host.  

Two solutions A and B were prepared as follows: solution A, 0.15 mM 55; solution B, 

0.15 mM 55; and 1.6 mM 64 (10 equiv of boronic acid host to the indicator). Initially 

700 μL of solution A was added to a UV-vis cuvette, and the change in absorbance 

was monitored with the continual addition of solution B to solution A in the cuvette . 

With each addition of B to A, the solution was allowed to equilibrate for 3 minutes 

before taking the measurement. The addition was continued until the change in the 

absorbance from subsequent readings was negligible. The change in absorbance at 520 

nm was plotted against the total host concentration and the isotherm was used to solve 

for the 1:1 binding constant, KHI, using BindFit v 0.5, (Figure 5.1)120.  
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Figure 5.1: A) UV-visible spectroscopic titration of  host 64 (0.4 mM) with pyrocatechol violet 

55 (0.15 mM) and B) 1:1 binding isotherm (plot of the difference in absorbance at 520 nm 

with the addition of the host). 

 

5.3.1.2. Determination of KHG between 64 and selected threo and erythro diol guests 

The binding constant between 64 and the analyte KHG was determined by measuring 

the change in absorbance of the host indicator solution with the addition of the analyte. 

The procedure described here is the titration of 70TH into a solution of 64 and 55. The 

optimum ratio of 64 to 55 which was used in the displacement assay (~ 90 % 

saturation) was determined by using the 1:1 binding isotherm of 64 and 55. Two 

solutions, C and D were made, whose compositions were: solution C, 0.15 mM 55 and 

0.4 mM 64; solution D 0.15 mM 55, 0.4 mM host 64 and 20 mM 70TH. The UV-vis 

titration was carried out with these two solutions in a similar manner as described in 

5.3.1.1. To determine KHG(70ER) of 64 with 70ER another titration in this manner 

was performed and the absorbance at 520 nm compared (Figure 5.2). Similarly, the 

binding constants of all selected threo and erythro diol guests were determined in this 

way using the sensing ensemble 64 and 55, except the concentration of guest in 

solution D was different for each case – depending on the concentration required to 

fully displace 55. All titrations were carried out in methanol buffer : acetonitrile (v/v 

1:1), 10 mM para-toluenesulfonic acid and Hunig’s base buffer, pH: 8.1-8.4. All 

measurements were taken at 25°C. 
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 Figure 5.2: An exemplary example of A) Quantitative analysis of the IDA including 64 (0.4 

mM)/55 (0.15 mM) with 71ER and 71TH. B) Qualitative analysis of the IDA including 64 (0.4 

mM)/55 (0.15 mM) with 71ER and 71TH with (left) 64 and 55 alone, (middle) 64 and 55 with 

10mM 71ER and (right) 64 and 55 with 10mM 71TH. 

 

5.3.1.3. Determination of Logβ values between cyclophane [2+2] hosts and guests 

The binding constants between cyclophane [2+2]-hosts and the guests were 

determined by measuring the change absorbance of the constant species in the host-

guest mixture. The procedure described here is the UV-vis titration of 101 into a 

solution of 109. The concentration of host ranged from 0.3 – 0 mM, where absorbance 

is maintained < 1.5. In this case concentration of 109 was maintained at 0.01 mM. 

Samples were made to these specifications before annealing for 1 hour at 60°C. All 

titrations were carried out NaOD/ D2O or NaOH/ H2O, measured at 25°C. Similarly, 

the binding constant for dialcohol host was determined in this way, however, this 

technique was not sensitive to the binding of other guests. The data was analysed to 

give Logβ using Equation 5.1, exemplary analysis is provided in Figure 5.3.   

𝐿𝑜𝑔 [
(𝐴𝑏𝑠𝑚𝑎𝑥 − 𝐴𝑏𝑠)

(𝐴𝑏𝑠 −  𝐴𝑏𝑠𝑚𝑖𝑛)
] = 𝐿𝑜𝑔𝛽 + 𝐿𝑜𝑔 {𝑎 − [

𝑏

(𝐴𝑏𝑠 −  𝐴𝑏𝑠𝑚𝑖𝑛)
(𝐴𝑏𝑠𝑚𝑎𝑥 −  𝐴𝑏𝑠)

+ 1
]} 

- Equation 5.1 
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Figure 5.3: Exemplary analysis  of, left: UV-vis absorption spectra of 109 (0.01 mM) with 101 

(A-F: 0.3 – 0.01 mM), in addition to hypothetical mixtures calculated by the summation of the 

absorbance of host and guest alone. Where solutions are made in 0.1 M NaOH/H2O and 

annealed for 1 hour at 60°C. Right: data processed from the absorbance spectra, where Δ 

Absorbance is the absorbance difference between experimental and hypothetical absorbance 

at 262 nm and  Logβ =4.1, 𝑦 =  −𝐿𝑜𝑔(𝑎 −  
𝑏

𝐴𝑏𝑠𝑚𝑎𝑥−𝐴𝑏𝑠

𝐴𝑏𝑠−𝐴𝑏𝑠𝑚𝑖𝑛
+1

), 𝑥 =  𝐿𝑜𝑔(
𝐴𝑏𝑠𝑚𝑎𝑥−𝐴𝑏𝑠

𝐴𝑏𝑠− 𝐴𝑏𝑠𝑚𝑖𝑛
), a = 

concentration of host, b = concentration of guest, Absmax = maximum value of absorbance, 

Absmin = minimum value of absorbance, Logβ = 4.1, error = ± 0.1.  

 

5.3.2. 96-well plate analysis 

Arrays were made by mixing stock solutions of 64 and 55, with analyte stock solutions 

within a Costar EIA/RIA polystyrene 96-well flat bottom plates. Absorbance spectra 

were recorded at ambient temperature on a BioTek SyneryTM 4 multi-detection 

microplate reader. Eppendorf Repeater Stream electronic micropipettes were used to 

add stock solutions to the 96-well plate. Each well contained a total solution volume 

of 300 μl, and methanol buffer and acetonitrile solution (v/v 1:1). After making the 

plate, it was sealed with a UC-500 sealing film to prevent solvent evaporation and 

allowed to equilibrate for 3 minutes before reading. 

 



191 

 

5.3.2.1. Screening plate 

Screening plates were designed for each diol to discern the response curve as the ratio 

of guest was varied from 100 % erythro through to 100 % threo diol. The architecture 

of the screening plate for 74TH/ER is shown in Figure 5.4. Various concentrations of 

guest were analysed to determine the optimal concentration for both qualitative and 

quantitative analysis, in the case of 74TH/ER the concentrations used were: 2 mM, 5 

mM, 10 mM, 25 mM, 50 mM and 100 mM. The plate was sealed with the sealing film, 

allowed to equilibrate for 3 minutes before the absorbance spectra was recorded and 

analysed. 

 

Figure 5.4: Layout of the screening plate, 64 (0.4 mM) and 55 (0.15 mM) with various mixtures 

of erythro and threo diols. For the 96-well plate shown, analytes 74TH and 74ER in the 

concentrations 2mM – 100 mM. 

 

Similarly, the optimal concentration of guest for selected threo and erythro diol guests 

were determined in this way using the sensing ensemble 64 (0.4 mM) and 55 (0.15 

mM), allowing response curves at each concentration to be plotted (Figure 5.5). All 

screening plate analyses were carried out in methanol buffer : acetonitrile (v/v 1:1), 10 

mM para-toluenesulfonic acid and Hunig’s base buffer, pH: 8.1-8.4. All measurements 

were taken at 25°C and curves analysed using Origin (Microcal Software, Inc.). 
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Figure 5.5: An exemplary example of the screening plate response curves for erythro and threo 

diols, here 74TH and 74ER, 64 (0.4 mM) and 55 (0.15 mM). A) Response curves for guest set 

74 concentrations 2 mM – 100 mM.  B) Optimal total guest concentration chosen to be 100 

mM. 

 

5.3.2.2. Processed Plate 

OsO4 reaction: 

Arrays were made by mixing the desired alkene, NMO and OsO4 stock solutions 

within a Costar EIA/RIA polystyrene 96-deep well plates. Eppendorf Repeater Stream 

electronic micropipettes were used to add stock solutions to the plate. In the case of 

72E/Z, 60 mM of the alkene was added with 1.1 eq. NMO and 0.04 eq., OsO4, (10:1) 

acetone : water. After making the plate, it was sealed with a UC-500 sealing film to 

prevent solvent evaporation and placed on a nutating mixer (VWR International) for 

24 hours. Similarly, when using stilbene, 20 mM of the alkene was added together 

with 1.1 eq. NMO, 0.5 eq. OsO4, plus 1 eq. DABCO, (10:1) acetone : water, before 

sealing and placing on the shaker for 24 hours.  

After this period 2.5 eq. of NaHSO3 to OsO4, was added to quench the reaction before 

being transferred to a DD-4X GeneVac to remove solvent. Following this step, the diol 

analyte contained within the sediment is dissolved in acetonitrile and filtered through 

SUPELCO 96-well plate PlatePrep Vacuum Manifold before returning to the 

GeneVac. Once solvent has been removed the plate is ready for analysis. 
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Analysis: 

The solid diol left remaining in the plate is dissolved in 240 μl methanol, 10 mM buffer 

(para-toluenesulfonic acid and Hunig’s base, pH 8.1-8.4 and sonicated using until fully 

dissolved. 120 μl of the analyte solution is transferred to a Costar EIA/RIA polystyrene 

96-well plate into which the sensing ensemble, 64 (0.4 mM) and 55 (0.15 mM) is 

added. Each well contains a total solution volume of 300 μL, and methanol buffer : 

acetonitrile (v/v 1:1). After making the plate, it was sealed with a UC-500 sealing film 

to prevent solvent evaporation and allowed to equilibrate for 3 minutes before reading. 

 

5.3.3. Colour wheel experiment 

The colour wheel experiment was designed to alter the colour change of the IDA to 

different regions of the colour wheel, to discern the most distinguishable visual 

difference between erythro and threo samples. Food colouring dyes (Wilton food 

colorings for cakes and icings) were diluted by a factor of 25 in methanol, 10 mM 

buffer (para-toluenesulfonic acid and Hunig’s base). Three solutions, E, F and G were 

made, whose compositions were: solution E, 0.15 mM 55 and 0.4 mM 64; solution F 

0.15 mM 55, 0.4 mM 64 and 10 mM 70ER and solution G 0.15 mM 55, 0.4 mM 64 

and 10 mM 70TH. The total volume of the solution contained methanol buffer : 

acetonitrile (v/v 1:1). Into solutions E, F and G was placed 50 μl or 25 μl of each dye, 

shown in Figure 5.6-5.7. 

 

Figure 5.6: Colour wheel experiment: solution E, 0.15 mM 55 and 0.4 mM 64; solution F, 

0.15 mM 55, 0.4 mM 64, 10 mM 70ER and solution G, 0.15 mM 55, 0.4 mM 64 and 10 mM 

70TH in methanol buffer : acetonitrile (v/v 1:1). 50μl of each food colouring solution was 

added as indicated. 
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Figure 5.7: Colour wheel experiment: solution E, 0.15 mM 55 and 0.4 mM 64; solution F, 

0.15 mM 55, 0.4 mM 64, 10 mM 70ER, G, 0.15 mM 55, 0.4 mM 64 and 10 mM 70TH in 

methanol buffer : acetonitrile (v/v 1:1). 25μl of each food colouring solution was added as 

indicated. 

 

5.3.4. General Procedure for 1H NMR titrations 

The binding constants between cyclophane [2+2]-hosts and the guests were 

determined by measuring the change of chemical shift of 1H NMR signals of the 1:1 

host-guest mixture, where maximum concentration is 1 mM, maintained under the 

CAC of host. The procedure described here is the 1H NMR titration of 101 with 109. 

In this example the concentration of host and guest ranged from 1 – 0.001 mM. 

Samples were made to these specifications in basic or neutral NaOD/ D2O solutions, 

before annealing for 1 hour at 60°C.  In this case samples were measured at 60°C, 

however, unless stated samples were measured at 25°C. Similarly, the binding 

constants for each host and guest were determined in this way. The data was analysed 

to give Logβ using Equation 5.1.  

𝐿𝑜𝑔10 [

𝛥𝛿

𝛥𝛿𝑚𝑎𝑥

(1−
𝛥𝛿

𝛥𝛿𝑚𝑎𝑥
)

2 ] = Loga + Logβ 

- Equation 5.2 
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5.3.5. General Procedure for fluorescent titrations 

The binding constants between cyclophane [2+2]-hosts and the guests were 

determined by measuring the change in luminescence of the constant species in the 

host-guest mixture. The procedure described here is the fluorescent titration of 101 

into a solution of 109. The concentration of host ranged from 5 – 0 mM. In this case 

concentration of 109 was maintained at 0.001 mM. Samples were made to these 

specifications before annealing for 1 hour at 60°C. All titrations were carried out in 

basic or neutral NaOH/ H2O solutions and measured at 25°C. Similarly, the binding 

constants for all other hosts and guests were determined in this way, with the exception  

of 104, whose concentration was varied as host concentration was maintained constant. 

The data was analysed to give Logβ using Equation 5.2, exemplary analysis is 

provided in Figure 5.8.   

𝐿𝑜𝑔 [
(𝐼𝑙𝑢𝑚𝑚𝑎𝑥 − 𝐼𝑙𝑢𝑚)

(𝐼𝑙𝑢𝑚 −  𝐼𝑙𝑢𝑚𝑚𝑖𝑛)
] = 𝐿𝑜𝑔𝛽 + 𝐿𝑜𝑔 {𝑎 − [

𝑏

(𝐼𝑙𝑢𝑚 −  𝐼𝑙𝑢𝑚𝑚𝑖𝑛)
(𝐼𝑙𝑢𝑚𝑚𝑎𝑥 −  𝐼𝑙𝑢𝑚)

+ 1
]} 

- Equation 5.3 
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Figure 5.8 – Left: luminescence emission spectra of 109 (0.001 mM) excited at 454 nm with 

101 (A-M: 5 – 0.02 mM), solutions made in 0.1 M NaOH/H2O and annealed for 1 hour at 

60°C. Right: data processed from the luminescence intensity at 584 nm, where Logβ = 3.9, 

error = ± 0.1, 𝑥 =  −𝐿𝑜𝑔(𝑎 −  
𝑏

𝐼𝑙𝑢𝑚𝑚𝑎𝑥−𝐼𝑙𝑢𝑚
𝐼𝑙𝑢𝑚−𝐼𝑙𝑢𝑚𝑚𝑖𝑛

+1
),  𝑦 =  𝐿𝑜𝑔(

𝐼𝑙𝑢𝑚𝑚𝑎𝑥−𝐼𝑙𝑢𝑚

𝐼𝑙𝑢𝑚− 𝐼𝑙𝑢𝑚𝑚𝑖𝑛
), a = concentration 

of host, b = concentration of guest, Ilum = Luminescence Intensity, Ilummax = maximum value of 

Ilum, Ilummin = minimum value of Ilum. 

 

5.4. Synthetic Procedures 

5.4.6. Synthesis of 2-methoxy-1,3-dimethylbenzene (94)206. 

93 (10.00 g, 8.19 x 10-2
 mol), potassium carbonate (22.63 g, 0.163 mol), and methyl 

iodide (35.26 g, 0.248 mol) in acetone (100 ml) were heated to reflux in a sealed tube 

for 20 hours. After cooling slightly, the bulk of the solvent was removed under reduced 

pressure before 200 ml distilled water was added. The organic layer was extracted 

using dichloromethane (200 ml), which was then washed with sodium hydroxide 

solution (200 ml, 1 M) followed by distilled water (200 ml). The organic layer was 

dried using anhydrous magnesium sulfate and filtered. Excess solvent was removed 

by distillation to give a straw-coloured liquid (6.16 g, 86 %). 

1H NMR (300 MHz, CDCl3, δ, ppm): 7.01 (d, J = 7.40, 2H, meta-Ar-H), 6.92 (t, J = 

7.26, 1H, para-Ar-H), 3.72 (s, 3H, O-CH3), 2.29 (s, 9H, Ar-CH3). 
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13C NMR (300 MHz, CDCl3, δ, ppm): 16.11 (Ar-CH3), 59.67 (Ar-OCH3) 123.87 (Ar-

C), 128.89 (Ar-C), 130.90 (Ar-C), 157.08 (1C, Ar-C) 

Mass Spectra (ES) Calc. for C9H12O: 136.089 g/mol. [M + H+]. Found: 137.0966. 

 

5.4.7. Synthesis of 2-methoxyisophthalic acid (95)207. 

94 (15.00 g, 0.962 mol) and potassium permanganate (37.50g, 0.238 mol) were added 

in with distilled water (900 ml) and heated to 60°C. The reaction vessel was shielded 

from light using foil and the reaction was left to stir for 24 hours, after which another 

portion of potassium permanganate was added (37.50g, 0.238 mol). The reaction was 

continued for 24 hours, before the mixture was filtered under suction. The filtrate is 

concentrated to half the volume under reduced pressure before hydrochloric acid 

solution (5 M) was added to produce a white precipitate. The flask was left to cool in 

an ice bath before it was filtered and dried to yield a white solid (15.90 g, 74 %). 

Melting point = 212 – 214 °C 

1H NMR (400 MHz, DMSO-d6, δ, ppm): 13.09 (s, 2H, CO-OH), 7.80 (d, J = 7.67, 2H, 

meta-Ar-H), 7.25 (t, J = 7.69, 1H, para-Ar-H), 3.80 (s, 3H, O-CH3). 

13C NMR (400 MHz, DMSO-d6, δ, ppm): 166.91 (C-OOH), 157.62 (Ar-C-O-CH3), 

133.34 (Ar-C), 127.72 (Ar-C), 123.47 (Ar-C), 62.86 (O-CH3). 

Mass Spectra (ES) Calc. for C9H8O5: 196.04 g/mol. [M-H+]. Found: 195.0293. 

 

5.4.8. Synthesis of 2-hydroxyisophthalic acid (96)208. 

95 (15 g, 7.65 x 10-2 mol), was dissolved in glacial acetic acid (105 ml). 48 % 

hydrobromic acid solution (77.34 g, 0.459 mol) was added and the solution heated to 

reflux for 72 hours. The reaction mixture was then cooled slightly before transferring 

to a beaker of crushed ice. The precipitate was later filtered and dried to yield a pale 

pink solid (13.02 g, 93%). 

Melting point = 242 -246 °C 
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1H NMR (400 MHz, DMSO-d6, δ, ppm): 7.94 (d, J = 7.70, 2H, meta-Ar-H), 6.89 (t, J 

= 7.70, 1H, para-Ar-H). 

13C NMR (400 MHz, DMSO-d6, δ, ppm): 169.02 (C-OOH), 162.05 (Ar-C-OH), 

135.49 (Ar-C), 117.64 (Ar-C), 117.20 (Ar-C). 

Mass Spectra (ES) Calc. for C8H6O5: 182.02 g/mol. [M-H+]. Found: 181.0737. 

 

5.4.9. Synthesis of 5,5’-methylenebis(2-hydroxyisophthalic acid) (97)209. 

96 (11 g, 6.04 x 10-2 mol) and 98 % sulfuric acid solution (5.92 g, 6.04 x 10-2 mol) was 

refluxed in glacial acetic acid (80 ml) before 37 % formaldehyde solution (2.75 g, 3.38 

x 10-2 mol) was added. The reaction was stirred for 72 hours, then cooled slightly 

before pouring onto crushed ice. Some distilled water and 37 % hydrochloric acid 

solution were added, and a precipitate was observed. The mixture was filtered and 

dried to yield a cream solid (10.92 g, 48 %). 

Melting point = 282 – 283 °C 

1H NMR (400 MHz, DMSO-d6, δ, ppm): 7.80 (s, 4H, Ar-H), 3.89 (s, 2H, Ar-CH2). 

13C NMR (400 MHz, DMSO-d6, δ, ppm): 168.96 (C-OOH), 160.36 (Ar-C), 135.43 

(Ar-C), 130.34 (Ar-C), 117.20 (Ar-C), 37.96 (Ar-CH2). 

Mass Spectra (ES) Calc. for C17H12O10: 376.04 g/mol. [M-H]-. Found: 375.0351. 

 

5.4.10. Synthesis of tetraethyl 5,5’-methylenebis(2-hydroxyisophthalate) (98)135. 

97 (26.34 g, 7 x 10-2 mol) and 98 % sulfuric acid solution (33.12 g, 0.338 mol) were 

refluxed in ethanol (400 ml) for 24 hours. The reaction mixture was cooled slightly 

before the flask is placed in an ice bath until a fluffy precipitate was formed. The 

precipitate was filtered and dried under suction. The filtrate was returned to the flask 

and the reaction was continued for 24 hours. The mixture was cooled, and the 

precipitate collected in the same way, yielding a white precipitate (30.62 g, 90 %). 

Melting point = 83 – 85°C 
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1H NMR (400 MHz, CDCl3, δ, ppm): 11.73 (s, H, Ar-OH), 7.83 (s, 4H, Ar-H), 4.40 

(q, J = 7.13, 8H, COO-CH2), 3.90 (s, 2H, Ar-CH2), 1.40 (t, J = 7.11, 12H, CH2-CH3). 

13C NMR (400 MHz, CDCl3, δ, ppm): 14.36 (C2H4-CH3), 39.58 (Ar-C-CH2), 61.76 

(CH2-CH2-CH3), 117.20 (Ar-C-COOEt), 130.36 (Ar-C-CH2), 136.19 (Ar-C), 160.34 

(Ar-C-OH), 167.73 (C-OOEt). 

Mass Spectra (ES) Calc. for C25H28O10: 488.468. [M+ K+]. Found: 527.1337. 

 

5.4.11. Synthesis of tetraethyl 5,5'-methylenebis(2-((5-bromopentyl)oxy)isophthalate) 

(99)134. 

Potassium carbonate (14.8 g, 1.07 x 10-2 mol) was added to dimethyl formamide (225 

ml) and 1,5-dibromopentane (24.6g, 0.107 mol) in a twin necked round bottom flask 

and heated to 70°C. Into which a solution of 98 (5.24 g, 1.07 x 10-2 mol) in dimethyl 

formamide (225 ml) was added gradually from a dropping funnel, over a period of 4 

hours. Following addition, the reaction mixture was stirred for a further hour before 

filtering hot through a celite plug. The excess solvent was removed under suction 

yielding the crude product which was purified using column chromatography (n-

hexane: ethyl acetate, 5:1). The desired product was a clear oil (6.62 g, 78 %). 

1H NMR (400 MHz, CDCl3, δ, ppm): 7.66 (s, 4H, Ar-H), 4.36 (q, J = 7.11, 8H, COO-

CH2), 4.00 (t, J = 6.58, 4H, Ar-O-CH2), 3.96 (s, 2H, Ar-CH2), 3.44 (t, J = 6.79, 4H, 

Br-CH2), 1.88 (m, 8H, Br-CH2-C2H4), 1.38 (t, J = 7.11, 12H, CH2-CH3). 

Mass Spectra (ES) Calc. for C35H46Br2O10: 784.15 g/mol. [M+H]+. Found: 785.1537 

 

5.4.12. Synthesis of octaethyl 4,10,14,20-tetraoxa-1,3,11,13(1,4)-

tetrabenzenacycloicosaphan-13,15,33,35,112,116,133,135-octacarboxylate (100)178. 

Potassium carbonate (3.80 g, 2.75 x 10-2 mol) was added to dimethyl formamide (100 

ml) in a twin necked round bottom flask and heated to 70°C. Into which a solution of 

98 (1.34 g, 2.75 x 10-3 mol) and 99 (2.16 g, 2.75 x 10-3 mol) in dimethyl formamide 

(400 ml) was added gradually using a long-tipped dropping funnel which was 

submerged beneath the volume of solvent in the flask, over a period of 8 hours. 

Following the addition of starting materials, the reaction was continued for 60 hours 



200 

 

before filtering hot through a celite plug. The filtrate was added to saturated brine 

solution (800 ml) and extracted using 5 portions of ethyl acetate (200 ml). The organic 

layers were pooled, dried using magnesium sulfate and filtered, then concentrated 

under reduced pressure to yield the crude product. The crude residue was purified 

using column chromatography (n-hexane: ethyl acetate, 2:1) and the desired product 

yielded a white solid (0.86 g, 28 %). 

Melting point = 164 - 165°C 

1H NMR (400 MHz, DMSO-d6, δ, ppm): 7.63 (s, 8H, Ar-H), 4.17 (q, J = 7.38, 16H, 

COO-CH2), 4.01 (s, 4H, Ar-CH2), 3.83 (t, J = 6.74, 8H, O-CH2), 1.61 (p, J = 6.92, 8H, 

O-CH2-CH2), 1.30 (p, J = 7.40, 4H, CH2-CH2-CH2), 1.16 (t, J = 7.10, 24 H, COO-CH2-

CH3). 

13C NMR (400 MHz, DMSO-d6, δ, ppm): 13.80 (CH2-CH3), 21.02 (OC2H4-CH2), 

28.96 (OCH2-CH2), 57.11 (ArC-CH2) 60.94 (CH2-CH3), 75.74 (O-CH2-C2H4), 126.42 

(Ar-C), 133.53 (Ar-CH), 135.52 (Ar-C), 155.24 (Ar-C), 165.35 (CO-OC2H5). 

Mass Spectra (ES) Calc. for C60H72O20: 1112.46 g/mol. [M+H]+. Found: 1113.4697. 

 

5.4.13. Synthesis of 5,9,15,19-tetraoxa-1,3,11,13(1,4)-tetrabenzenacycloicosaphan-

13,15,33,35,112,116,133,135-octacarboxylic acid (101)134. 

100 (3.44 g, 3.09 x 10-3 mol) was dissolved in ethanol (300 ml) and added together 

with a solution of lithium hydroxide (3.00 g, 0.125 mol) in distilled water (30 ml). The 

reaction was heated to reflux for 24 hours before it was cooled and concentrated under 

reduced pressure. Distilled water (150 ml) and insoluble solids were removed using 

gravity filtration. Hydrochloric acid solution (5 M) was added until the filtrate turned 

milky. The suspended solid was removed by centrifuge, then dried yielding a white 

solid (2.60 g, 95 %). 

Melting point = > 300°C 

1H NMR (400 MHz, DMSO-d6, δ, ppm): 7.60 (s, 8H, Ar-H), 3.93 (s, 4H, Ar-CH2), 

3.85 (t, J = 7.05, 8H, O-CH2), 1.60 (p, J = 7.15, 8H, OCH2-CH2), 1.30 (p, J = 7.36, 4H, 

OC2H4-CH2). 
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13C NMR (400 MHz, DMSO-d6, δ, ppm): 21.02 (OC2H4-CH2), 28.99 (OCH2-CH2), 

49.01 (ArC-CH2), 75.75 (O-CH2-C2H4), 127.48 (Ar-C), 132.89 (Ar-C), 135.57 (Ar-

C), 155.06 (Ar-C), 167.11 (COOH). 

Mass Spectra (ES) Calc. for C44H40O20: 888.111 g/mol. [M+Na]+. Found: 911.2. 

IR: 2930, 2120, 1720, 1580, 1450, 1380, 1240, 1180, 1110 cm-1. 

 

5.4.14. Synthesis of 2,12-dioxo-5,9,15,19-tetraoxa-1,3,11,13(1,4)-

tetrabenzenacycloicosaphan-13,15,33,35,112,116,133,135-octacarboxylic acid (102)210. 

101 (1.00 g, 1.13x10-3 mol) was dissolved in a solution of sodium hydroxide (1.00 g, 

2.50 x 10-2 mol) in distilled water (200 ml). Potassium permanganate (1.80 g, 1.13 x 

10-2 mol) was added and the reaction stirred for 24 hours at 70 °C. Methanol (1 ml) 

was added to remove unreacted potassium permanganate and the reaction mixture 

filtered under suction. Hydrochloric acid solution (5 M) was added until the filtrate 

turned milky. The suspended solid was removed by centrifuge, then dried yielding a 

white solid (0.80 g, 77 %). 

Melting point = > 300°C 

1H NMR (400 MHz, DMSO-d6, δ, ppm): 8.11 (s, 8H, Ar-H), 4.08 (t, J = 7.01, 8H, O-

CH2), 1.68 (p, J = 7.15, 8H, OCH2-CH2), 1.42 (p, J = 7.04, 4H, OC2H4-CH2). 

13C NMR (400 MHz, DMSO-d6, δ, ppm): 20.48 (OC2H4-CH2), 28.08 (OCH2-CH2), 

75.46 (O-CH2-C2H4), 127.57 (Ar-C), 130.91 (Ar-C), 134.20 (Ar-C), 160.01 (Ar-C), 

166.32 (COOH), 191.70 (CO). 

Mass Spectra (ES) Calc. for C44H36O22: 916.17 g/mol. [M-H]-. Found: 915.162. 

IR: 2970, 1730, 1688, 1640, 1460, 1370, 1280, 1170 cm-1. 

 

5.4.15. Synthesis of 2,12-dihydroxy-5,9,15,19-tetraoxa-1,3,11,13(1,4)-

tetrabenzenacycloicosaphan-13,15,33,35,112,116,133,135-octacarboxylic acid (103)210. 

102 (0.80 g, 8.73 x 10-4  mol) was added with a solution of sodium borohydride (0.66 

g, 1.75 x 10-2 mol) in distilled water (100 ml), and the reaction was stirred at room 
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temperature for 24 hours. Following this the reaction mixture was cooled in ice and 

hydrochloric acid (5 M) was added to removed unreacted sodium borohydride. The 

reaction mixture was warmed to room temperature and 37 % hydrochloric acid was 

added until it became milky. The suspended solid was removed by centrifuge, then 

dried yielding a white solid (0.80 g, 100 %). 

Melting point = > 300°C 

1H NMR (400 MHz, NaOD/D2O, δ, ppm): 7.31 (s, 8H, Ar-H), 5.76 (s, 2H, Ar-CH-

OH), 3.89 (t, J = 7.94, 8H, O-CH2), 1.52 (p, J = 7.30, 8H, O-CH2-CH2), 1.22 (p, J = 

7.30, 4H, O-C2H4-CH2). 

13C NMR (400 MHz, DMSO-d6, δ, ppm): 21.04 (O-C2H4-CH2), 29.02 (O-CH2-CH2), 

75.88 (O-CH2-C2H4), 77.22 (C-OH), 127.02 (Ar-C), 130.11 (Ar-C), 133.98 (Ar-C), 

155.81 (Ar-C),167.06 (COOH). 

Mass Spectra (ES) Calc. for C44H40O22: 920.201 g/mol. [M- H]-. Found: 919.1934 

IR: 3020, 2940, 1703, 1580, 1450, 1370, 1220, 1210, 1110 cm-1. 

 

 

5.4.16. Synthesis of 2,7-bis(2-(dimethylamino)ethyl)benzo[lmn][3,8]phenanthroline-

1,3,6,8(2H,7H)-tetraone (119)157. 

N,N-dimethylethylene diamine (2.20 g, 0.025 mol) was added to a suspension of 118 

(3.35 g, 0.0125 mol) in toluene (50 ml). The oil bath was maintained at a temperature 

of 50°C and a magnetic flea and condenser attached. The reaction was continued for 

24 hrs after which the solvent was removed under reduced pressure which yielded an 

orange solid (5.43 g, 52%).  

1H NMR (400 MHz, CDCl3, δ, ppm): 8.75 (s, 4H, Ar-H), 4.35 (t, J = 6.81, 4H, NCH2-

CH2), 2.67 (t, J = 6.79, 4H, N-CH2), 2.34 (s, 12H, N-(CH3)2). 

Melting point = 271 - 273 °C 
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13C NMR (600 MHz, CDCl3, δ, ppm): 38.85 (N+-CH2), 45.97 (N+(CH3)3), 57.13 (N-

CH2), 126.79 (Ar-C) 126.93 (Ar-C), 131.13 (Ar-C), 163.06 (Ar-CO). 

Mass Spectra (ES) Calc. for C22H24N4O4: 408.180 g/mol. [M + H+], found: 409.1858. 

IR: 2434, 2307, 2303, 2173, 2125, 1461, 1051, 1010 cm-1. 

 

5.4.17. Synthesis of 2,2'-(1,3,6,8-tetraoxo-1,3,6,8-

tetrahydrobenzo[lmn][3,8]phenanthroline-2,7-diyl)bis(N,N,N-trimethylethan-1-

aminium)diiodide (105)157. 

Iodomethane (1.42 g, 2.5 x 10-3 mol) was added to a suspension of 119 (1.02 g, 2.5 x 

10-3 mol) in toluene (90 ml). The oil bath was maintained at a temperature of 50°C and 

a magnetic flea and condenser attached. The reaction was continued for 24 hrs after 

which the solvent was removed under reduced pressure which yielded an orange solid. 

The solid was recrystallised using distilled H2O, the resulting precipitate was the 

product (0.68 g, 62 %). 

Melting point = > 300 °C 

1H NMR (400 MHz, DMSO-d6, δ, ppm): 8.73 (s, 4H, Ar-H), 4.49 (t, J = 6.27, 4H, 

N+CH2-CH2), 3.64 (t, J = 7.06, 4H, N+-CH2), 3.23 (s, 18H, N+-(CH3)3). 

13C NMR (400 MHz, DMSO-d6, δ, ppm): 33.90 (N+-CH2), 52.50 (N+(CH3)3), 61.65 

(N-CH2), 126.28 (Ar-C) 126.46 (Ar-C), 130.49 (Ar-C), 162.63 (Ar-CO). 

Mass Spectra (ES) Calc. for C24H30N4O4: 438.226 gmol. [M/2], found: 219.1028. 

IR: 3010, 1700, 1650, 1580, 1460, 1330, 1240, 1190, 1110 cm -1. 

 

5.4.18. Synthesis of 2,7-bis(3-(dimethylamino)propyl)benzolmn][3,8]phenanthroline-

1,3,6,8(2H,7H)-tetraone (120)157. 

dimethylpropyl amine (2.55 g, 0.0125 mol) was added to a suspension of 118 (3.35 g, 

0.025 mol) in toluene (50 ml). The oil bath was maintained at 100°C and the reaction 

was left to reflux overnight. Solvent was removed under reduced pressure, leaving an 

orange solid. The solid was washed with ethanol and vacuum filtered to dry (4.74 g, 

43.5 %) 
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Melting point = > 300 °C 

1H NMR (400 MHz, CDCl3, δ, ppm): 8.76 (s, 4H, Ar-H), 4.27 (t, J = 7.82, 4H, 

N(CH3)2-CH2-CH2-CH2), 2.44 (t, J = 7.11, 4H, N(CH3)2-CH2-CH2), 2.23 (s, 12 H, 

N(CH3)2), 1.92 (t, J = 7.53, 4H, N(CH3)2-CH2). 

13C NMR (600 MHz, CDCl3, δ, ppm): 26.14 (N+CH2-CH2), 39.52 (N+-CH2), 45.53 

(N+(CH3)3), 57.37 (N+C2H4-CH2), 126.81 (Ar-C), 126.86 (Ar-C), 130.04 (4C, Ar-C), 

163.00 (4C, Ar-CO). 

Mass Spectra (ES) Calc. for C24H28N4O4: 436.210 g/mol. [M + H+], found: 437.2161. 

2970, 2941, 2855, 2810, 2777, 2714, 1696, 1647, 1580, 1450, 1372, 1334, 1237, 1215, 

1152, 1062, 1036 cm-1 

 

5.3.19. Synthesis of 3,3'-(1,3,6,8-tetraoxo-1,3,6,8-

tetrahydrobenzo[lmn][3,8]phenanthroline-2,7-diyl)bis(N,N,N-trimethylpropan-1-

aminium) (106)157. 

A mixture of 120 (2.00 g, 4.58 x 10-3 mol) iodomethane (2.60 g, 0.018 mol) and toluene 

(120 ml) was added to the reaction flask and stirred with a magnetic flea at reflux for 

20 hrs. The oil bath was maintained at 100ᵒC. The reaction mixture was allowed to 

cool slightly before the precipitate was filtered under suction, yielding an orange solid 

(1.95 g, 91 %) 

Melting point = > 300 °C 

1H NMR (400 MHz, D2O, δ, ppm): 8.67 (s, 4H, Ar-H), 4.29 (t, J = 6.79, 4H, N-CH2), 

3.58 (t, J = 8.53, 4H, N-CH2-CH2), 3.19 (s, 18H, N+-(CH3)3), 2.33 (t, J = 9.26, 4H, N+-

CH2). 

13C NMR (400 MHz, DMSO-d6, δ, ppm): 21.55 (N+CH2-CH2), 37.33 (N+-CH2), 52.23 

(N+(CH3)3), 63.21 (N+C2H4-CH2), 126.19 (Ar-C), 126.32 (Ar-C), 130.47 (4C, Ar-C), 

162.84 (4C, Ar-CO). 

Mass Spectra (ES) Calc. for C26H34N4O4: 466.581. [M/2], found: 233.1275. 

IR: 3470, 3020, 1700, 1660, 1580, 1450, 1340, 1250, 1180, 1060 cm-1. 
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5.4.20. Synthesis of  6-chloro-2-(2-(dimethylamino)ethyl)-1H-benzo[de]isoquinoline-

1,3(2H)-dione (122)211. 

N,N-dimethylethylene diamine (1.10 g, 0.0125 mol) was added to a suspension of 121 

(2.91 g, 0.0125 mol). The oil bath was set to 50°C and a reflux condenser attached. 

The reaction mixture was stirred for 24 hours before the solvent was removed on the 

under reduced pressure. The residue was dissolved in HCl (1 M) and transferred to a 

separating funnel. This was washed with an equal volume of dichloromethane. The 

organic layer was then separated and washed with an equal volume of sodium 

carbonate (1 M).  The solvent was partially removed under reduced pressure and the 

solid allowed to crystallise for several days before filtering off (1.40 g, 37 %). 

Melting point = 117 - 119 °C 

1H NMR (400 MHz, CDCl3, δ, ppm): 8.65 (m, 2H, ortho-Ar-H), 8.52 (d, J = 7.91, 1H, 

para-Ar-H), 7.85 (m, 2H, meta-Ar-H), 4.62 (t, J = 6.31, 2H, N(CH3)2-CH2-CH2), 3.44 

(t, J = 6.29, 2H, N(CH3)2-CH2), 2.94 (s, 6H, N(CH3)2). 

IR: 2967, 2549, 2471, 2441, 1737, 1703, 1662, 1588, 1569, 1461, 1375, 1342, 1319, 

1230, 1193, 1040, 1018 cm-1
. 
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5.4.21. Synthesis of  2-(2-(dimethylamino)ethyl)-6-(((dimethylamino)methyl)amino)-

1H-benzo[de]isoquinoline-1,3(2H)-dione (123)211. 

N,N-dimethylethylene diamine was added to a suspension of 122 (1.40 g, 4.6 x 10-3 

mol). The reaction mixture was maintained at 40°C and a reflux condenser attached. 

The reaction was continued for 24 hours, after which the reaction vessel was placed 

under reduced pressure to remove volatile components. The orange solid was then 

dissolved in chloroform (20 ml) and shaken with Na2CO3 (1 M). The aqueous layer 

was washed chloroform (2 x 20ml). The organic layers were pooled and dried with 

MgSO4. Chloroform was then removed under reduced pressure yielding an orange 

solid (1.59 g, 97.5 %). 

Melting point = 117 - 120 °C 

1H NMR (400 MHz, CDCl3, δ, ppm): 8.58 (d, J = 7.28, 1H, Ar-H), 8.46 (d, J = 8.20, 

1H, Ar-H), 8 .14 (d, J = 8.74, 1H, Ar-H), 7.63 (t, J = 8.04, 1H, Ar-H), 6.67 (d, J = 8.42, 

1H, Ar-H), 6.28 (t, J = 5.07, 1H, NH), 4.32 (t, J = 7.28, 2H, N-CH2), 3.38 (m, 2H, NH-

CH2), 2.73 (t, J = 6.12, 2H, (CH3)2N-CH2), 2.65 (t, J = 7.62, 2H, (CH3)2N-CH2), 2.36 

(s, 6H, N(CH3)2), 2.34 (s, 6H, N(CH3)2). 

13C NMR (600 MHz, DMSO-d6, δ, ppm): 36.95 (N+CH2-CH2), 52.43 (N+(CH3)3), 

52.80 (N+-CH2), 120.39 (Ar-C), 121.71 (Ar-C), 124.98 (Ar-C), 127.84 (Ar-C), 128.77 

(Ar-C), 129.42 (Ar-C), 131.15 (Ar-C), 131.79 (Ar-C), 137.85 (Ar-C), 162.80 (Ar-C), 

163.72 (C-O). 

IR: 3347, 3001, 2971, 1741, 1685, 1640, 1588, 1539, 1476, 1394, 1375, 1342, 1249, 

1114 cm-1. 

 

5.4.22. Synthesis of 2-(1,3-dioxo-6-(((trimethylammonio)methyl)amino)-1H-

benzo[de]isoquinolin-2(3H)-yl)-N,N,N-trimethylethan-1-aminium (107)211. 

123 (0.71 g, 2 x 10-3 mol) was added to the reaction flask with toluene (80 ml) and a 

magnetic stirrer bar. The oil bath was maintained at 60°C and a reflux condenser 

attached. Iodomethane (1.42 g, 0.01 mol) was added and the reaction was stirred for 

24 hours. After cooling to room temperature, the precipitate was filtered, washed in 

diethyl ether, and dried yielding an orange solid (0.67 g, 87 %). 
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Melting point = 284 – 287°C 

1H NMR (600 MHz, DMSO-d6, δ, ppm): 8.68 (m, 1H, Ar-H), 8.64 (m, 1H, Ar-H), 8.49 

(m, 1H, Ar-H), 8.10 (m, 1H, Ar-H), 8.06 (m, 1H, Ar-H), 4.46 (m, 4H, N+-CH2-CH2), 

3.62 (m, 4H, N+-CH2), 3.21 (s (b), 18H, N+(CH3)3). 

13C NMR (400 MHz, DMSO-d6, δ, ppm): 33.69 (N+CH2-CH2), 52.47 (N+(CH3)3), 

61.85 (N+-CH2), 121.38 (Ar-C), 122.68 (Ar-C), 127.80 (Ar-C), 128.52 (Ar-C), 128.72 

(Ar-C), 130.42 (Ar-C), 131.03 (Ar-C), 131.75 (Ar-C), 137.82 (Ar-C), 162.79 (Ar-C), 

163.07 (C-O). 

Mass Spectra (ES) Calc. for C22H32N4O2: 384.251. [M/2 + H+], found: 193.1341. 

IR: 3000, 1700, 1660, 1590, 1570, 1480, 1400, 1370, 1370, 1340, 1233, 1110 cm-1. 
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