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Abstract 

The synthesis and host-guest chemistry of new structures based on neutral calix[4]arene 

supramolecular platforms is investigated. Hosts are substituted to varying degrees with 

functionalised appendages to form cavities for selectively complexing guests. 

Functional groups include ureas, amides and nitriles, targeting cations and anions as 

guest species. The main methods used for transducing complexation events are 

potentiometry and fluorescence. The various hosts and guests investigated attempt to 

reflect the versatility and ongoing evolution of state-of- the-art calixarene chemistry 

within the field of supramolecular chemistry. Throughout the thesis there is particular 

emphasis on relating host structural changes to changing analytical signal upon 

complexation with a particular guest. This is the link between the sensing signal and 

chemistry at a molecular level, the heart of every chemical sensor. 

The main achievements of this work are a) the development of a urea based chloride 

selective host with ratiometric fluorescence transduction using pyrenes, b) nitrile based 

mercury(I1) and silver(1) selective hosts using potentiometric transduction, c) the 

investigation of an amide-calix[4]arene bromide selective host based on potentiometric 

transduction, d) the developmet of urea-calix[4]arene ionophores showing potential for 

improved electrochemical aqueous nitrate sensing and e) a contribution to 

supramolecular synthesis techniques is made by way of a new semi-preparative liquid 

chromatographic method for the efficient isolation of pure target compounds. 



Abbreviations 

LOD Limit Of Detection 

ISE Ion Selective Electrode 

LC Liquid Chromatography 

LC-DAD Liqirid Chromatograpl~y-Diodc Array Detector 

TLC Thin Layer Chromatography 

MS Mass Spectrometry 

Dl-MS Direct Injection-Mass S pectromet~y 

ES 1-MS Electrospray Ionisation-Mass Spectrometry 

MALDI-MS Matrix-Assisted Laser Desorption/lonization-Mass Spectrometry 

HPLC F-Iigh Performance Liquid Chr~matograpl~y 

SP-HPLC Semi Preparative High Performance Liquid Cliron~atography 

DMSO Dimetl~yl Sulfoxide 

DMF Dimethyl Fortna~nide 

PVC Poly Viny! Chloride 

NMR Nuclear Magnetic Resonance 

H:G Host:Guest 

UV-Vis Ultraviolet-Visible 

FIM Fixed lrlterfercnce Method 

SSM Separate Solutions Method 

MPM Matched Potentials Mcthod 

PET Photoinduced Electron Transfer 

EET Electronic Energy 'I'ransfer 

ICT Internal Charge Transfer 



1. Chapter I Theory and 
Background 

I .  I lnfroducfion 
This thesis draws on the skills and techniques, spanning the fields of analytical, organic 

and sensor chemistry in particular. The discipline of chemistry itself is also 

transgressed by scientific applications such as molecular modelling, electronics, physics 

and engineering. This is necessary due to the interdisciplinary nature of chemical 

sensor conception as made clear below. 

The milestones in the life of several illustrative examples of chemical sensors are 

discussed by way of direct experimental observations presented in this thesis. The life 

cycle of a chemical sensor include the following stages: 

1. The conceptual design of a molecular host structure backed up by molecular 

modelling to predict interaction with a guest. 

2. The synthesis, isolation and structural characterisation of the host. 

3. Applying a technique(s) for evaluating the selectivity of the host for particular 

analytes amongst a series of guest species. The manifested selectivity is the 

single most important characteristic of a chemical sensor. 

4. Optimisation: Performing molecular structural changes and/or changing other 

sensor components to tune the selectivity of the sensor. 

5. The full evaluation of a chemical sensor including establishing the selectivity, 

reproducibility, response range and time, LOD, lifetime and robustness. 

6. The incorporation of the above into a practical real life device for the analysis of 

samples containing target analyte and interferants. 



7. The sensor device becomes redundant when an improved device is developed 

perhaps containing a more selective or sensitive molecular host or a different 

transduction mechanism. For this, the above steps are repeated. 

The synthesis and host-guest chemistry of new structures based on neutral calix[4]arene 

supramolecular platforms is investigated. Hosts are substituted to varying degrees with 

functionalised appendages to form cavities for selectively complexing guests. 

Functional groups include ureas, amides and nitriles. Both cations and anions are 

analysed as guest species. The main approaches used for transducing complexation 

events are based on electrochemistry and spectroscopy. The wide variety of hosts and 

guests investigated reflects the versatility and ongoing evolution of state-of-the-art 

calixarene chemistry within the field of supramolecular chemistry. Anion complexation 

is a particularly important for research in this area, as it is less developed than cation 

sensing. With respect to cation sensing, calixarene chemistry has reached considerable 

maturity when it comes to group I and I1 cations, and in particular sodium selective 

hosts. Therefore, in attempting to work as closely to the current state of the art of cation 

sensor chemistry, another chapter focuses on transition metals and cations of continued 

environmental concern like mercury(I1). 

Regarding the modes of transduction reported, the main methods chosen in this thesis 

are potentiometric and optical methods, as they clearly have potential for real life 

applications and devices at a later stage. In potentiometry, the host structure must 

ideally be immobilised in some way (e.g within a PVC membrane). In addition, this 

technique recognises that many real life samples are aqueous based, such as in medicine 

(human body) and the environment. A potentiometric signal may be due to the host and 

additional characteristics of the sensor such as membrane polarity, ion exchange salts 

etc. This in turn often leads to selectivities dominated by solvent effects, not host 



preorganisation, particularly when aqueous sample phases are involved. Optical 

transduction methods, most notably fluorescence based signals, are selective, sensitive 

and practical. They can be specifically assigned to a molecular event such as a 

particular complexation process and are perhaps less subject to other ambient 

parameters as described for potentiometric methods above. 

Throughout the thesis there is particular emphasis on relating host structural changes to 

changing analytical signal upon complexation with a particular guest. This is the link 

between the sensing signal and chemistry at a molecular level, the heart of every 

chemical sensor. The link is investigated using techniques such as NMR, spectroscopy, 

electrochemistry and molecular modelling. 

The main achievements of this work are a) the development of a urea based chloride 

selective host with ratiometric fluorescence transduction using a pyrene based 

calixarene, b) nitrile based calixarene derived mercury(I1) and silver(1) selective hosts 

using potentiometric transduction and c) the discovery of an amide calixarene based 

bromide selective host also based on potentiometric transduction. A contribution to 

supramolecular synthesis techniques is made by way of a new semi-preparative Liquid 

Chromatographic method for the efficient isolation of pure target compounds. 

Chapter 1 makes reference to the literature in the context of the work described in the 

thesis. The theory behind determining the selectivity pattern of a molecular host is 

discussed. Considerations leading to the choice of instrumental technique to determine 

selectivity are then revealed. Some background to the specific topics of the thesis is 

then described as well as unifying themes such as on general calixarene chemistry. 

Chapter 2 investigates the response of some ainide-calix[4]arenes towards a series of 

cations and anions using potentiometry. Some response towards sodium and calcium is 



seen. The same host later reveals bromide selectivity in ISEs configured for anion 

response. Chapter 3 is similar but describes the synthesis of some urea-calix[4]arenes 

and investigates their potentiometric response towards both anions and cations. A 

generally strong response towards anions is revealed in sharp contrast to very little 

cation interaction. One ionophore shows promising properties for nitrate analysis in 

water. A margin of nitrate selectivity over chloride (main interferant of nitrate in 

freshwater samples) 1 order of magnitude better than commercially available materials 

is achieved. In chapter 4 an alternative optical mode of transduction is investigated with 

a urea calix[4]arene. This chapter describes the synthesis of a urea based calix[4]arene 

host with fluorescent pyrene transduction. Dramatic and exclusive chloride selectivity 

is revealed in solution based studies. Chapter 5 describes the synthesis and 

mercury(II)/silver(I) selectivity of a number of nitrile functionalised calix[4]arenes. An 

initially overwhelming mercury(I1) response is subdued by deliberate structural 

intervention as relayed by potentiometric results. Chapter 6 discusses the development 

of an instrumental LC-MS purification method for calix[4]arenes. This method is of 

particular use for complex mixtures of low target yield where high separation efficiency 

is required. It complements the existing organic tools used in calix[4]arene synthesis. 

1.2 The Selectivity of a molecular host compound towards 
guests 

When the synthetic chemist designs and synthesises a 11ovel hostlreceptor compound, 

the most impostant parameter to be ascertained is the selectivity of the Host towards a 

series of competing analytes or guests. This inforination must be known as it indicates 

whether the new host should be developed and improved further or if it shows suitable 

characteristics it can be incorporated directly into a real life sensor application, pollution 

extraction method, chromatographic material etc. 



The two main types of selectivity are kinetic and thermodynamic selectivity'. Kinetic 

selectivity is difficult to achieve and measure for artificial host systems. This type of 

selectivity depends on which analyte is transformed the fastest for a given host, not 

which one is bound the strongest. These systems often lack rigidity and elaborate 

preorganisation as these parameters are more associated with thermodynamic control 

and would slow down the kinetics. Nature is more adept at producing such kinetically 

controlled systems than science at present. Enzymatic catalysis of biochemical 

reactions is an example of a mechanism reliant on kinetic selectivity. 

The main focus of this thesis is on the more common thermodynamic based selectivity 

of complex formation processes, which is easier to rationalise and manipulate in 

artificial systems to the advantage of science. Key terms such as the 'lock and key' 

model, complementarity and preorganisation are associated with the study of 

thermodynamic selectivity. The interaction between a host and guest is first considered 

without and then with a solvent term, to highlight the strong influence the solvent has 

on the complexation process. 

Host-Guest complexation without considering the solvent 

When a host (H) and a particular guest (G) form a non-covalent bond(s) between them, 

a complex is formed and typically an equilibrium situation exists as shown in Equation 

1.1: 

(Eqn 1.1) 

The thermodynamic equilibrium constant or binding constant, K, is a measure of how 

strong the interaction between H and G is (Equation 1.2): 



(Eqn 1.2) 

The selectivity for of one guest over another is then simply (Equation 1.3): 

(Eqn 1.3) 

Another way of expressing complexation is in terms of the Gibbs free energy (AG), 

which is  related to the binding constant (Equation 1.4): 

RG=-RTInK (Eqn 1.4) 

The evcrall free energy has an enthalpy (AH) and an entropy (AS) term (Eqilation 1.5): 

When a host and guest forin a complex, the host may have to rearrange to bind the guest 

and the gttests may be held rigidly within a Iiost caviry. There is  generally c? loss of 

entropy (disordel.) for sucll an arrangement which lowers the free energy term and AS is 

negative. IC d ~ e  host cavity has the right ctirnef~sions for a particular gilest, the 

rearraligement necessary (and so entropy lass) is miriitnisecl by [lie 'lock and key' or 

'best fit' principle for the ideal guest. 

In addition to Ihe entropic term, there is a Favoulabte enlhalpy term (negative) due la the 

formation of non-covalent bonds within the complex. The entl~alpic term may 



compensate for the negative entropic term leading to an overall negative Gibbs fiee 

energy and spontaneous complexation. 

The system will be selective (most negative AG and largest K) for the analyte species 

which causes the least amount of conformational rearrangement and 'strain' when a 

complex is formed as the least amount of entropy is lost. At the same time if the 

orientation and distance between the host and guest binding sites is ideal, suitable non- 

covalent bonds form between the host and guest giving the most negative enthalpic term 

and of course the most negative overall free energy. It is clear that the preorganisation 

of the host, cavity size complementarity and binding site orientation with the guest are 

critical for yielding a selective interaction. 

Host-Guest complexation with consideration for the solvent 

The introduction of solvent into the above system complicates matters somewhat. In all 

real life situations, solvent effects must be considered as they can have a large impact on 

selectivities observed and in the extreme can override favourable selectivities achieved 

by careful host design. When considering solvent effects, the equilibrium of complex 

formation is expressed as shown in Equation 1.6, clearly more complicated than the gas- 

phase or vacuum situation discussed above (equation 1.1): 

Host. Solvent 1 + Guest. Solvent2 =-- Host.Guest + Solvent 1 + Solvent2 (1.6) 

Solvent 1 and 2 may be the same solvent for example when the complexation process 

takes place in a single organic solvent. Solvent 1 and 2 may be different in a two phase 

system whereby complexation happens across an aqueous-organic divide for example. 



Additional thermodynamic considerations are as follows. Before a host and guest can 

form complexation bonds, the bonds sf each with the surrounding solvent must be 

broken. This i s  entha tpicatl y unfavmtrable. However, as solvent molecules are 

released, they gain in disorder and so entropy i s  favourable. Ions in water for example 

tend to order solvent molecules with a reduction in entropy. 

Summarising the ct~ergy changes of host-guest interactions with solvcnt considerations 

may be illustrated as in Figure 1.1. 



Figure 1.1- The main energy changes involved when complex formation takes place. 
This entails energy changes wrt a) solvents and b) host-guest complex formation. 
S 1=S2 or S lfS2. For negative Gibbs fiee energy ( AG = AH - TAS ), complexation is 
spontaneous. 
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If the net Gibbs free energy is negative for this process, spontaneous complexation can 

be expected and the host-guest equilibrium (Equation 1.6) is pushed to the right. 

Where either host and/or guest are strongly solvated or the solvent interacts strongly 

with itself, the position of the complexation equilibrium in Equation 1.6 can be 

dramatically influenced. Two relevant scenarios to this thesis are considered. It must 

be remembered that these scenarios can exist in tandem. Solvents and a) electrostatic 

interactions and b) hydrogen bonding are considered. 

a) For complexation via electrostatic interactions, the dielectric constant (Table 

1.1) of the solvent must be considered. Solvents with high dielectric constants, 

and thereby very polar, interact with charged species (i.e. cations and anions) or 

partially charged species. This interaction is in direct competition with host- 

guest bonding and so can lower the overall free energy of complexation for 

some or all guests. 

b) For complexation by hydrogen bonding, a solvent which acts as an electron pair 

acceptor or donor can also be in competition with complex formation as 

discussed above. The donor or acceptor number (Table 1.1) must be considered. 

A good donor solubilises cations better and an acceptor favours anions. 



Dielectric Donor Acceptor 
So'vent Constant ( E )  number number - 

Water 80.1 33.0 54.8 

DMSO 46.7 29.8 19.3 

Acetonitrile 36.6 14.1 18.9 

Methanol 33.0 19.0 41.5 

Acetone 21.0 17.0 12.5 

1.9 
No donor 0,0 

Hexane atoms 

Table 1.1. The dielectric constants ( E )  and donorlacceptor numbers of some common 
solvents2. 

Water is an extreme example of an excellent donor and acceptor solvent in addition to 

having a high dielectric constant. It is therefore clear that a technique, involving water 

as a solvent, that studies electrostatic or hydrogen bonding complex selectivities may 

reveal selectivity patterns that are largely, possibly exclusively, governed by solvent 

effects. This is called the Hofmeister series of response for anions (SCN- > N03' > I- > 

Br- > C1- > F- >  SO^^-) and cations (CS' > K+ > ~ a +  > ca2+) in order of decreasing 

interaction with an apolar phase. 

This effect can overshadow the host-guest complex formation process at times. 

The ionic radii of the anions tested are shown in Table 1.2 and may be used to explain 

the selectivity order observed for a blank membrane based Ion Selective Electrode (ISE) 

as in chapter 2 for example, which contains no elements of preorganisation and an 

aqueous-organic divide that must be transgressed to observe complexation. This also 

sheds light on the origin of the Hofmeister series. 



Ion Radius (pm) A G D ~ H ~ ~  (k~mol-I)' 

I- 220 +275 

SCN' 213 - 
c103- 200 +43 0 

H2P04- 200 +465 

~ ~ 0 4 ~ -  200 - 
Br- 196 +315 

N03- 189 +300 

C1- 181 +340 

~ 0 4 ~ -  230 +lo80 

AcO- 162 - 

F- 133 +465 

OH- 133 - 
a AGDeHyd = Dehydration energy 

Table 1.2. Ionic radii and selected dehydration energies of anions tested shown in 
decreasing order of size3 and corresponding increase in dehydration energy2. 

From Table 1.2 it can be seen that thiocyanate and iodide have the smallest charge to 

size ratio. The hydration sheath around these anions in water is therefore the smallest of 

all the anions listed and so is least costly in energy to shed. This effectively makes 

them the most liphophilic anions present, most likely to interact with lipophilic PVC 

ISE membranes. From table 1.2 this is apparent from the dehydration energies listed, 

which increase inversely with ionic radii. 

For cations, the same correlation between ionic radii (or more specifically charge to 

surface area ratio) and dehydration energies applies as for anions, with the same 

consequence on the order of selectivity observed. From Table 1.3 it can be seen that 

caesium is the most liphophilic cation present, most likely to interact with lipophilic 

PVC ISE membranes, before any element of host preorganisation is even introduced to 

the sensing system. 



Ion Radius (pm) A G D ~ H ~ , ~  (k~mol-I). 

CS" 170 +250 

N H ~ +  148 +285 

K' 138 +295 

Naf 102 +3 65 

ca2' 100 +505 

M~~~ 72 - 
~ i +  69 +475 

a AGDeHyd = Dehydration energy 

Table 13. Ionic I 

corresponding increa 
tdii of cations tested shown in decreasing order of size3 and 
e in dehydration energy2. 

1.3 The non-covalent bonds found in complexes 
The main types of non-covalent bonds found in complexes are given below: 

Electrostatic (ion-ion, ion-dipole and dipole-dipole) 

Hydrogen bonding 

Aromatic stacking interactions (n-n) 

Van der Waals forces 

Hydrophobic or solvatophobic effects 

The two most frequently encountered complex types in this thesis are ion-dipole 

electrostatic interactions and hydrogen bonding. These are illustrated in Figure 1.2. 

Figure 1.2. Examples of non-covalent bonds found in complexes. Hydrogen bond 
(left) and electrostatic ion-dipole bond (right). 



For the current work, amide and urea functional groups form hydrogen bonds with 

anions. Electrostatic bonds are encountered when amide and urea carbonyls as well as 

nitriles interact with cations. 

It must be borne in mind that non-covalent bonds are relatively weak compared to 

covalent bonds. Typical bond energies are 5-20k~mol-' and 200-800k~mol-' 

respectively. The magnitude of non-covalent bond energies (number of bonds and type) 

are directly relevant to the enthalpy term (negative AH) in equation 1.4 and so 

contribute to an overall negative Gibbs free energy (AG) of complex formation. 

Although far less energetic than covalent bonds, they have the key feature that they are 

more reversible, an important factor for a sensing system. 

1.4 The common experimental techniques used for 
determining Selectivity 

Binding constants of a host (and hence selectivities) can be determined in a number of 

standard ways. Sometimes selectivity is calculated directly without first calculating 

thermodynamic data (equations 1.1 and 1.2). The various methods are described in 

detail in numerous t e ~ t s ~ , ~ , ' .  The main techniques found are outlined below, with 

particular emphasis on potentiometric ISE techniques as these were most commonly 

used in this thesis. The main criteria for making a selection amongst all commonly 

available techniques are discussed later in chapter 1.5. 

Nuclear Magnetic Resonance (IVMR) methods. 

This is perhaps the most common technique used by organic chemists for evaluation of 

new host compounds. As NMR is a commonly used structural characterisation tool, it 

can be easily adapted to yield therinodynainic information on complexation events. If 

there are particular magnetic nuclei (particularly protons 'H) within a host cavity for 



example, that are sensitive to a complexation event, the chemical shift change thereof 

can be monitored for varying ratios of H:G. One condition is that the H-G equilibria 

must be fast on an NMR timescale so that an average signal of the free and complexed 

species present is obsesved. Typically the host concentration is fixed and increasing 

amounts of guest are added into the deuterated NMR solvent. The changes in chemical 

shift values (Ah) of selected nuclei (typically proton nuclei) can be plotted as a function 

of the H:G ratio present. This method and variations thereof provide three main types 

of data. Firstly, the mode of complexation between a host and guest is revealed by 

examining which of the host's nuclei has undergone a chemical shift. This gives 

qualitative conformational data on how host and guest interact. Secondly, binding 

constants (hence selectivity) can be determined in this way for a sequence of analytes. 

Finally, the complex stoichiometry of H:G can be deduced. The NMR technique is still 

the single most commonly used technique to date for calixarene complex formation 

studies, used on their own or complementing another method. 

UV- Vis andfluorescence spectroscopy. 

When either the host or guest possess chromophores which show a change in emission 

or absorbance characteristics with varying H:G ratios, data can be obtained. 

Absorbance or emission intensities or ratios of multiple wavelength intensities are 

plotted against guest concentration for example, and by applying suitable equations, 

binding constants can be obtained. Furthernlore, stoichiotnetric data can also be 

obtained with these techniques. Standard laboratory instru~nentation is typically used. 

This method is being used increasingly for calixarene complexation s t ~ ~ d i e s  where a 

chromophore transducer is incorporated into the supra~nolecular structure of the host. 



This is as a direct result of the gain in popularity of optical sensors. The topic is 

introduced further in chapter 1.7 and expanded on in chapter 4. 

Calorimetric methods. 

Once again for this technique, a parameter is plotted as a function of added host or 

guest. A complexation reaction between a host and guest is conducted in a calorimeter. 

The heat change for the combination of a ltnown concentration of host and guest in this 

controlled environment is related to the thermodynamic binding constant K~- ' .  

Calorimetric methods are not commonly used for calixarene complexation studies9'' I. 

Extraction methods: Liquid-Liquidpartitioning. 

This is one of the oldest techniques for determining complex formation constants 

between a host and guest. In general, this technique investigates the ability of a host to 

transport particular guests between hydrophobic and hydrophilic phases quantitatively. 

An example illustrating this technique is the work of Cram and co-workers, amongst the 

pioneers of supramolecular chemistry. Cram calculated complex formation constants of 

some crown ether compounds with group I metals12. This entailed an aqueous phase in 

contact with an organic phase under controlled standard conditions. The aqueous phase 

contained a metal picrate salt, whilst the organic phase contained the host. Driven by 

the affinity of the crown ethers for particular metals, the host could extract certain 

cations into the organic phase, each cation retaining its picrate counterion which has an 

intense yellow colour with an absorbance at around 380nm. By monitoring this 

absorbance in both layers, the distribution of cations between the two phases could be 

monitored. The extraction ability of each host could thereby be related to the 

thermodynamic binding constant. As usual, the ratios of these constants for a series of 



cations yielded selectivity data (Equation 1.3). No specialised equipment is needed to 

use this technique. Liquid-Liquid partitioning is still used by a number of researchers 

investigating calixarene ~ o m ~ l e x a t i o n ' ~ - ' ~ .  The approach can use either thermodynamic 

or kinetic models. 

Potentiometric methods. 

Two broad approaches are discussed in the area of potentiometric methods: 

a) Selectivity without thermodynamic data (equation 1.3). 

b) Potentiometry for determining thermodynamic data (equation 1.2). 

a) Selectivity without thermodynamic data. 

This was the most commonly used method throughout the thesis for the determination 

of selectivity values2'. The advantages of this method over the others are highlighted 

later. 

An Ion Selective Electrode (ISE) potentiometric cell consists of a working electrode, a 

reference electrode and an aqueous solution containing ions of interest2'. Within this 

cell there are several interfacial potentials such as between filling solutions and 

membranes and membranes and sample solution. Most of these potentials remain 

constant at all times except for the interface potential between the working electrode 

membrane surface and the sample solution. Due to ion exchange salts and/or ionophore 

hosts in the working electrode membrane there can be an uneven partitioning of analyte 

ions between the sample and the membrane surface. It is this partitioning and degree of 

partitioning that causes a change in potential to be observed for varying amounts of 

analyte ion in the sample. The potential of such a cell is expressed in terms of the 

Nernst equation (Equation 1.7): 



RT 
E = CONSTANT + - In a, (Eqn 1.7) 

nF 

E is the observed potential. The 'constant' term is for all the potentials that remain 

unchanged at the various interfaces within the potentiometric cell. R is the gas constant, 

T is temperature, F is the Faraday constant and n is the charge of the analyte ion I (e.g. 

+1 for a monovalent cation). The analyte activity (concentration related) is a ~ .  For a 

potentiometric titration, if potential is plotted against log ar, the theoretical slope of the 

linear portion of the plots will be 59.lmV and 29.6 mV for a monovalent and divalent 

ion respectively at a temperature of 298K. The sign of the slope is positive for cations 

and negative for anions. If such values (or close to) are observed, the response of the 

ISE is described as Nernstian. For solutions of equal activity but each containing a 

different ionic species, the cell potential is typically affected the most by the primary 

ion of interest (greatest potential change with activity). In practice, interferants will also 

contribute to observed potentials. 

The extent of interference between primary ion I and interferant J is formally expressed 

as the selectivity coefficient, KT:, or log function thereof. The Nicolskii equation 

forms the basis of calculating this coefficient (Equation 1.8). 

E = constant + RTInF ln[al+ K a : ' i z ' ]  (Eqn 1.8) 

The charge of the primary ion and interferant are given by z~ and ZJ respectively. There 

are several methods based on the Nicolskii equation to give selectivity coefficients for a 

sequence of ions20,22. The main methods are the Fixed Interference method (FIM), the 



Separate solutions Method (SSM) and the Matched Potential Method (MPM). The 

SSM method is commonly used throughout this thesis. It is based on establishing 

potential values in separate aqueous solutions, each containing the same activity of a 

different ion. By taking the difference of pairs of potentials into account (primary ion I 

and each interferant, J, in turn) selectivity values are determined, according to Equation 

1.9. 

Log K ;' = 
z ,F(E ,  - E,  

2.303RT 
(Eqn 1.9) 

Ej and EI are the potential values for the interferant and primary ion respectively. The 

activities of the separate solutions are usually the same (al=aJ). These potentiometric 

methods for determining selectivities, unlike the other methods described, do not yield 

thermodynamic data. Binding constants for individual ions cannot be determined in this 

way, only ratios of such constants (Equation 1.3). The selectivity values obtained by 

this method are responses relative to a primary ion response and so represent a more 

qualitative approach. If thermodynamic data is required, modified potentiometric 

approaches can be used. 

b) Potentiometry for determining thermodynamic data. 

There are solvent polymeric membrane techniques, which are used to calculated 

stability constants, but having some similarities to classical potentioinetry and were 

developed by the same research gro~ps23,24. They utilise similar membranes to 

potentiometric ISEs, their response is based on Nernstian theory but signal transduction 

is optical. They rely on bulk phenomena, whereby an analyte ion distributes itself 



within the bulk of a thin membrane (compared to potentiometric ISEs which operate by 

surface phenomena). These membranes typically contain a normal ionophore in 

addition to a H+ sensitive chromoionophore, active in the visible portion of the spectrum 

(400-800nm). The degree of protonation or deprotonation of the chromoionophore 

dictates its absorbance characteristics and is related to the presence or absence of 

analyte ion within the membrane, allowing thermodynamic data to be deduced 

indirectly by spectrophotometric means. 

The above optical methods were soon extended to the general ISE community, who had 

the equipment and knowledge to pursue potentiometric methods. A method using PVC 

type membranes using the so called segmented sandwich method has been d e ~ c r i b e d ~ ~ .  

This crucially did not require the use of additional pH sensitive ionophores or 

chromoionophores (no sample buffering) and thereby simplified the process of attaining 

thermodynamic data for a given ionophore. First, potentials of a normal ISE containing 

the ionophore and ion exchange salt were measured in a known concentration of a 

single target analyte. The procedure was repeated using an identical electrode, however 

omitting the host ionophore from the membrane. Forming a sandwich of these two 

membranes and repeating the measurement yielded a change in potential, which was 

related mathematically to the complex formation constant between the ionophore and 

the analyte under investigation by Equation 1.10. 

(Eqn 1 .lo) 

is the stability constant for ion I, L is the ionophore, n is the complex stoichiometry, 

RT is the concentration of the lipophilic ionic site additives, LT is the total concentration 



of ionophore in the membrane segment and EM is the change in membrane potential 

between the individual membrane potentials (should be the same *2mV) and the 

membrane sandwich. 

The frequency of potentiometric methods for calixarene complexation studies appearing 

in the literature is perhaps second only to NMR methods with several reviews available 

on the s u b j e ~ t ~ ~ - ~ ~ .  

7.5 Choosing a method to determine the Selectivity of a 
molecular host 

When a new molecular receptor is synthesised, the proposed structure must first be 

verified. In addition to careful design, possibly molecular modelling and a fastidious 

synthesis, the analyte binding properties of the new host must be determined and 

verified by experimental means. The true selectivity of any host can be a surprising 

result quite different from the theory. This is due to the complex thermodynamic 

contributions, some already outlined, which govern selectivity. In choosing methods 

for determining selectivity, the first question is whether the selectivity data needed is 

purely for academic interest and perhaps further structural tuning OR whether the 

scientist is intent on going further and developing real life devices such as a functioning 

sensor, and makes this the primary goal of all research from the outset. 

Most real life applications involve aqueous samples, such as in biological (e.g. the 

human body) or environmental applications (rivers, ocean, waste water pollution etc.). 

The vast majority of techniques for screening synthetic hosts for selectivity utilise an 

organic phase to solubilise a host. This is particularly essential for highly organic 

neutral receptors including calixarenes. Any technique that has the potential to be 

extended for use in real life sensors or probes must typically involve an additional 



aqueous component. For example liquid-liquid partitioning and Ion Selective 

membrane techniques explicitly contain aqueous components. Of these methods, only 

potentiometric ISEs can measure inorganic salts in water without further pre-treatment. 

Bulk optodes employing ion selective membranes are often pH sensitive meaning that 

samples must be carefully buffered prior to mea~ure rnen t~~ .  The salts extracted from an 

aqueous layer by solvent extraction technique usually have artificially inserted 

chromophoric counterions such as picrates or chromates and therefore cannot be 

considered real life samples. 

The choice of instrumentation, materials and skills required for each technique must be 

considered. The NMR, spectrophotometric, solvent extraction, ion selective bulk 

techniques for example are performed on standard and common laboratory instruments, 

which serve other diverse departmental functions such as structural characterisation and 

analytical procedures besides being used for thermodynamic analysis. There are usually 

numerous scientists well versed in their use and the relevant solvents are usually stock 

items. For ISEs, the construction of electrodes, preparation of membranes and 

conditioning routines can take several days. However, for development into 

commercial devices, ISEs can be readily made reproducible, mass produced, 

miniaturised and cheap and so lend themselves to commercialisation2'. 

The range of response and associated Limit off Detection (LOD) is a factor to consider. 

NMR, solvent extraction and calorimetric techniques require mM or greater quantities 

of host and guest for characterisation. This is of little consequence academically, 

provided enough material is available. ISE and spectrophotometric techniques can 

detect analyte species to nM levels or In addition to requiring very small 

amounts of host and guest, these techniques can be used to measure environmentally 

relevant analytes for example, where legislative LOD specifications are often very low. 



Regarding the nature of the sample, some techniques require pH buffering or the analyte 

ion contains an 'artificial' counterion such as when NMR techniques are used (Table 

1.4). Such sample pre-treatment or perturbation can be prohibitive in terms of real life 

measurements using these techniques at a later stage. 

Other considerations for choosing a selectivity technique include reversibility, sample 

recovery and toxicity (sample perturbation). NMR, spectroscopic, calorimetric, solvent 

extraction and ion selective bulk optode methods are techniques where the 

complexation of host and guest is not readily reversed. The host species is not easily 

uncomplexed and recovered. In the strict sense, a sensor used for continuous 

monitoring must show a reversible response3'. Also, in the event of critically small 

sample availability this may be an important consideration. The complexation in ion 

selective membrane techniques is readily reversible, an essential characteristic for 

continuous and repeated sensing. The recovery of host from membrane cocktails is not 

practical however. However <IOmg of host is usually required for full characterisation 

by these methods. The reversible nature of ion selective membrane techniques and the 

fact that the leaching of potentially toxic materials into the bulk of the sample phase is 

usually considered negligible is a particularly important consideration for 

humanlbiological applications. 

Table 1.4 summarises the main considerations for choosing a technique for evaluation 

of host selectivity, outlining advantages and disadvantages and gives the author's 

opinion on whether they have potential to be developed into real life devices such as 

sensors and probes. 



Table 1.4. Typical attributes of the various standard methods for determining thermodynamic and selectivity data of hosts for ionic guests. 

Attribute 

Materials and Standard Specialist Standard 

Necessary 
aqueous 

sample phase 

No 

ILM mM l p M  

Yes 
P 

No 

No No No 

Yes Yes No 
I 

Sample Yes No Yes Yes Yes Yes No 
altering h 

Sample pre- Yes No Yes Yes Yes No Yes 

No 

treatmentC 
Device I 

potentiald 
"Method reveals some detail on the geometric arrangement of host with guest in for the complex 

b ~ a m p l e  perturbation by significant leaching or mixing of materials into the sample 
"Sample contains artificial counterions and /or requires pH buffering 

d ~ h e  dtvelopmefi~ of real life/commercial devices requiring relatively little development 

No 

No Yes Yes 

--- 
No 

No 

No 

P 

P 

Yes 

No No No Yes 



A variety of calixarenes were tested for response with a series of cations and anions 

throughout this thesis. Potentiometric ISEs were the main tool used for determining 

selectivity information for each host. Chapter 4 also describes a very successful 

spectroscopic approach. 

Some interesting selectivity patterns were observed, however relying on a sole 

technique for evaluating a host comes with a note of caution and wherever possible, the 

use of at least one additional complimentary technique is recommended. In the context 

of this thesis, these additional techniques were ~ ~ s e d  to backup the findings of 

potentiometric studies. For example for anion host calixarene 4-3, ISEs did not reveal a 

significant deviation from a Hofmeister or 'blank' order of response in the context of a 

series of anions as described in chapter 3.3.6. However, when an optical fluorescence 

based mode of transduction was used for the same host, unambiguous chloride 

selectivity was revealed. Crucially, the latter method was carried out in an organic 

solvent system and did not entail an aqueous phase or layer. In this way, the optical 

method was not subject to the solvent effects (chapter 1.2) to the same degree as 

aqueous-organic based ISE methods. This allowed the preorganised structure of the 

host to dictate selectivity and so 'useable' results were obtained. If only ISEs had been 

used to evaluate this host, it may have been disregarded and its development ceased due 

to the lack of a favourable response. 

In conclusion, the use of more than one transduction mode is therefore recommended 

when investigating a host-guest complex system for the first time. It is suggested that 

one contain an aqueous component and the other does not. Success in one or both 

approaches can serve as the impetus to develop the system further according to required 

specifications. 



1.6 Correlating ISE data to molecular structure 

The earliest Ion Selective Electrodes (ISEs) were based on ion exchange salts as a 

means of providing ion partitioning between an organic phase and an aqueous phase2'. 

The typical order of selectivity observed for such devices (and other analytical methods 

with an aqueous-organic divide) follows the Hofmeister order of response36. 

The best way to induce deviation from these orders of response is to additionally 

incorporate an ionophore into the ISE membranes. 

To illustrate how ISEs can be used to evaluate a molecular receptor, the well known 

tetraester calix[4]arene was used as an example28. This neutral receptor provides a 

lower rim cavity with four ester carbonyls and four phenoxy oxygens. The cavity size, 

geometry and hard oxygen donors provide for good sodium selectivity amongst a series 

of group I and I1 metal cations via electrostatic ion-dipole interaction. 

To demonstrate that the sodium selectivity was due to the calixarene structure and not 

some other intrinsic ISE characteristic, two ISE membrane types were prepared. One 

membrane contained PVC, plasticizer, an ion exchange salt and calix[4]arene 

ionophore. Another identical membrane was prepared, except that the calix[4]arene 

ionophore was omitted. This membrane was referred to as the blank. The two types of 

membrane were incorporated into otherwise identical ISE electrodes and tested in 

parallel, by noting the change in potential when the ISEs are immersed in log a = -2.0 

aqueous solutions of potassium, sodium and lithium. Potassium and lithium are known 

to be the main interferants of the sodium i ~ n o ~ h o r e ~ ~ .  Figure 1.3 graphically compares 

the response of the two ISEs. 



Figure 1.3. The potential changes of an ISE with (tetraester calix[4]arene) and without 
ionophore (Blank) exposed to a log a -2.0 aqueous separate solutions of the specified 
cation. 

K" 

By comparing the tetraester response to the blank we ascertain valuable information 

speciJically about the tetraester ionophore, as well as the overall response characteristics 

of the ISEs. It is clear that the sodium response is dramatically enhanced by the 

ionophore. There is a relative suppression of the potassium response and lithium 

remains un-changed compared to sodium. The ionophore cavity appears to be 

compatible with sodium. The larger potassium ion shows a greatly suppressed response 

probably by a size exclusion phenomenon. This was indeed verified by molecular 

models and other experimentatiod7. Lithium, being smaller than sodium, also fits 

within the calixarene cavity, but is too small to effectively form electrostatic bonds with 

all of the available cavity oxygens and so is not the preferred analyte. Furthermore 

lithium is the most hydrated of the cations, further reducing the net energetic 

favourability of a host-guest interaction. 

Overall, the calix[4]arene has provided the energetic driving force, through host-guest 

complexation, to yield a strong deviation from Hofmeister selectivity order, whereby 

sodium replaces potassium as the primary ion. 
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In malting a comparison with a blank membrane, we distinguish between the overall 

device properties and the 'active' ionophore. We can thereby directly correlate a readily 

obtained analytical result with the structural characteristics of a molecular receptor. 

This is useful to guide the organic chemist further in optimising receptor design. 

Potential change versus absolzlte potentials when comparing to a blank. 

To obtain the potential change values presented in Figure 1.3, the potentials of the 

electrodes are first noted in de-ionised water. The change in potential for the specified 

activities of analytes was then noted. Potential change values can be beneficial 

compared to the use of absolzlte potential values when two membranes with different 

compositions are compared as in Figure 1.3. This approach recognises co~nposition 

differences as well as the different effects of preconditioning on the two membranes. 

Any differences between the two membranes can safely be attributed to ionophore 

effects alone, the purpose of the exercise. 

Table 1.5 shows the selectivity values obtained by the Separate Solutions Method 

(SSM) for the tetraester, based on potential change values, recorded in triplicate. It is 

clear that the values obtained agree well with previously determined literature values, 

which use absolute potentials38. 



Table 1.5. Selectivity Coefficients, log KE",, for sodium ionophore tetraester 

Result 

Experimental 
log K ;'+, 

Literature3' 
log Kg'+,, 

- 

calix[4]arene and the two main interferants, calculated using the Separate Solutions 
Method (SSM). 

A note on the use of Nernstian equations 

It must be acknowledged that when an ionophore is tested for its selectivity pattern, not 

all ions respond in a Nernstian fashion. Of course this scenario was also observed in 

this thesis at times. However, Nernstian slopes for all ions tested is a prerequisite for 

accurately applying Nernstian based methods for calculating selectivity  coefficient^^^. 

In particular some heavily discriminated interferants, in practice, may yield substantially 

sub-Nernstian responses. In such cases Nernstian based equations actually overestimate 

the interference of such ions and may be interpreted as 'worst case scenarios'. In these 

cases a selectivity coefficient, log K 7: , may for example be stated as <-3.0 instead of - 

Note: I is the primary ion Na' and J is the interferant specified. 
The Separate Solutions Method (SSM) was used where 
log aI=logaJ=-2.0. Reproducibility based on three ISEs. 

~ i +  

-3.38-+0.0 1 

3.0 by some researchers, to denote such a limiting value2'. A much less commonly 

encountered scenario is where super-Nernstian slopes are obtained, usually due a strong 

primary ion response. Nernstian based selectivity values will underestimate the primary 

ion response, thereby again overestimating the response of interferants. This again 

leads to a 'worst case scenario' or limiting situation. It is perhaps reassuring that 

selectivity values obtained by classical Nernstian methods tend to be conservative and 

rarely exaggerate the performance of an i ~ n o ~ h o r e ~ ~ .  

0 

K+ 1 ~ a '  

-2.6*-0.04 0 



Concerning the presentation of ISE selectivities, some literature recommendations for 

scenarios where non-Nernstian slopes are obtained include presenting the ISE titration 

curves themselves for the different ions tested and so comparisons can be made39. 

Figure 1.3, comparing responses of different ISEs to a series of ions, is a derivative of 

this approach as directly observed potential values are used for depicting membrane 

preferences. This serves as a good initial means to illustrate the selectivity of a new 

molecular receptor. 

In all cases in this thesis, the approaches highlighted complement any formal selectivity 

coefficient data presented, as determined by the Separate Solutions Method (SSM). 

1.7 Optical transduction and fluorescence introduced 
The process of anion and cation recognition by calixarenes was most commonly 

monitored by 'H NMR titrations or Ion Selective Electrode (ISE) studies, as is apparent 

from the literature. NMR spectroscopy typically provides important fundamental 

information about ion binding selectivity, stoichiometry and which molecular sites are 

involved in bonding, which is critical in understanding the host-guest interplay. In 

ISEs, the selectivity information generally mirrors that of NMR, although differences 

can occur, as NMR experiments are usually carried out in one particular solvent, 

whereas ISEs involve partitioning between a sample (aqueous) phase and the sensor 

membrane (PVC-organic) phase. In this way, solvent effects have a greater impact on 

the final selectivity order observed. 

ISEs are useful in practice as, unlike NMR spectroscopy, the technique is directly 

tangible with real life device applications. but typically only detect target species to the 

micro molar level". Detection limits of ISEs have recently improved using well 

established host compounds, but invariably mean increased complexity for practical 



 device^^^"^. 'H NMR techniques suffer from poor sensitivity, requiring solution 

concentrations of about 1 0 - ~ - 1 0 - ~ ~  and can be subject to peak overlap and broadening 

upon complexation, detracting from the usefulness of the signal obtained4'. 

The placing of molecular components, which absorb and/or emit electromagnetic 

radiation (chromophores) in the proximity of the guest recognition site to yield an 

optical sensing compound, is an interesting strategy for host design, opening the way for 

alternative means of determining selectivity of a host. Today, optical transduction is at 

the cutting edge of guest recognition tools. NMR spectroscopy often serves to 

complement and confirm binding mechanism discerned optically. 

The binding of a guest causes an electronic, energy or conformational change, which 

is signaled to the analyst optically. More specifically, sensors involving fluorescence 

changes can draw on several advantages. This area has received much attention in the 

literature 33,35,42-48 . Such sensors can be simple in design with an excitation source and 

emission recorder as core features. They are mechanically relatively simple, with the 

advantages of not requiring reference elements and not requiring filling solutions as 

ISEs often do35. In analytical terms they can show very high sensitivity of detection 

often below micromolar levels down to a single m o ~ e c u l e ~ ~ , ~ ~ .  Response times are 

typically extremely fast and they can be on-off switchable with huge potential in sensors 

and IT technologies. Where visible emission occurs the analyst has direct 

communication with the molecule by the naked eye. 

Chapter 4 expands on fluorescence techniques and optical transduction. Chapter 4 

also details the application of a fluorescent ratiometric system for the development of an 

anion selective host. This host combines preorganised coinplexing f~mctional groups 

with a pyrene monomer-excimer signaling mechanism. 



1.8 Specific challenges of anion complexation 
Anion recognition is a growing field of research and there are good introductory texts 

36,49-55 and reviews available on the subject . This field of research has not yet mirrored 

the success achieved by cation sensing. There are several reasons why the design of 

anion receptors is challenging56. 

Cations are smaller than isoelectronic anions. Examples are shown in Table 1.6. The 

larger analytes require larger host cavities, which may represent a synthetic challenge if 

these larger cavities are to retain a rigid preorganised character, essential for generating 

selective responses. 

~ a +  0.95 A I- 2.16 A 

Table 1.6. The ionic radii of selected pairs of isoelectronic cation and anion pairs. 

One of the smallest common anions, fluoride, has an ionic radius of 1.36 8,, similar to 

potassium (one of the larger common cations). 

Anions also have a wide range of geometries such as the spherical halogens, linear, 

trigonal and tetrahedral. The most common anion geometries together with examples 

are shown graphically in Figure 1.4. Binding sites of both host and guest are considered 

divergent and convergent respectively and often highly directional in nature in the case 

of neutral hosts'. The deliberate placing of directional functional groups within a host 

can be an effective means of discriminating between anions of different geometries. 

The large variety of anion geometries may therefore be exploited to compensate for the 

lesser size variation of anions in general and their relatively large sizes compared to 

cations, in order to achieve selectivity by appropriate host preorganisation. 



Anion GemetrS~..  . 

Figure 1.4. Common anion geometries encountered with examples, showing the 
structural varieties found. 

Anions can lose their charge at low pH values due to protonation making recognition 

difficult. 

Anions must compete with the surrounding solvent for the binding site that a host 

provides. Anions have higher energies of solvation compared to similarly sized cations 

and this is in competition with complex formation. For exXnple mhydration (F? = - 

465k~m0l-I and AHhydnion (K') = -295kJmol-1. 



Anions are typically saturated co-ordinatively (as they are negatively charged) and so 

typically form complexes via hydrogen bonding or van der Waal interactions. They 

usually cannot benefit from the stronger electrostatic ion-dipole bonds synonymous 

with cation complexation. 

1.9 Anion complexation and (thio)urea functional groups 
There are three broad functionality types for providing complexation points towards 

anions within the host4'. These are electrostatic type interactions, metal or Lewis acid 

centred types and neutral H-bonding functional groups. The charged type, forming 

electrostatic interactions with anions, have perhaps been investigated the longest. Host 

structures are often macrocycles containing quarternary ammonium ions within the 

structure. The chief disadvantage in such cases is the general non-directional 

orientation of the host's charge. This generally does not lead to good selectivity 

characteristics. One approach to overcome this has been to incorporate charged 

quarternary ammonium groups into closed cage like structures as shown in Figure 

1.557,58. In this way, the selectivity is dictated by the physical constriction of the cage 

dimensions. 

Figure 1.5. Cage type anion hosts with charged ammonium fiinctional groups. 



The smaller cage in Figure 1.5 displays selectivity for iodide whilst the larger cage is 

selective towards largerp-nitrophenolates. 

The focus of this thesis however, is on the chemistry of several neutral anion hosts 

providing directional H-bonds. 

Hydrogen bonding is a coinplex forming mechanism often chosen by nature. For 

example sulfate and phosphate proteins are vital receptors for active transport systems 

in cells and specific binding takes place invariably through hydrogen b ~ n d i n g ~ ~ . ~ ' .  

Adding hydrogen bond donor groups to synthetic neutral organic hosts has also been a 

key tool in providing recognitioii for specific anion g e ~ m e t r i e s ~ ~ ' ~ ~ .  The urea and 

thiourea functional groups provide such effective and directional H-bonds for anion 

recognition. 

There are many examples of hosts that incorporate one or more urea group for anion 

binding, offering diverse binding geometries. Examples include open chain chelators or 

acyclic tweezers, tripodal and tetrapodal hosts. The structural design criteria for hosts 

in light of these geometries has been examined recently53. The field of supramolecular 

chemistry contains examples of larger cyclic structures containing cavities adorned with 

urea functionality such as ~ ~ c l o ~ h a n e s ~ ' ~ ~ ~  and c a ~ i x a r e n e s ~ ~ - ~ ~ .  

Early work on the development of urea based hosts recognized the wide variety of 

anion geometries available and exploited this to synthesise selective host systems. 

~ a m i l t o n ~ ~ ' ~ ~  and ~ e b e k ~ ~  developed open chain chelators possessing two urea 

functional groups interacting well with certain dicarboxylates, which may be considered 

Y-shaped at both ends. Figure 1.6 shows an open chain chelator selectively colnplexing 

a molecule of glutaric acic which has a carboxyllate anion at each end. Both host and 

guest are hydrogen bond donors and acceptors forming a total of 4 interconnecting H- 

bonds. Despite relatively little preorganisation by way of steric constraint or cavity size 



discrimination, good recognition of a specific anion due to a tlniq tie geornerric 

compatibility was observed. 

Figure 1.6. An open chain chelator selectively complexing a dicarboxyllic glutaric acid 
anion demonstrating the importance of good geometric compatibility between host and 
guest. 

Gal ixarenes feature prominently in (IhioS~~rea based an ion hosts. Figt~re I .7 shows 

selected urea hosts based on the calix[4]arene skeleton, i!lustrating the versatility of 

calixarenes as molecular platforms for supramolcculnr hosts. Figure 1.7 also includes a 

capsule complex, demonstrating the effect of intermolecular urea H-bonding between 

7R two urea calix[4]arcnes . The guest is trapped in a closed capsule held by steric 

enclosure, thereby indirectly co~nplcxed by the urea I~ydrogens, which serve to maintain 

the capsules 'sea!'. 



Upper rim substitution Lower rim su bktitution 
(Stastny, 2002) (Scheerder, 1994) 

R' 

b 0 xR' 
9' i 

Guest inclusion in a capsule formed 
by 2 H-bonding calixarene ureas (Rebek, 2000) 

Simultaneous complexation of 
cation (crown) and anion (urea) 
(Tongraung, 2003) 

1,3-alternate twin cavity 
anion host (Budka, 2001) 

Figure 1.7. Selected urea calix[4]arenes appearing in the literature, studied for host- 
guest complexation. 



For the various geometric variations that hosts may possess there is an acknowledged 

lack of true structural data revealing the orientation of urea hydrogens53. When 

designing a host for a specific anion it is hard to choose an acyclic platform or a 

complex supramolecular one. Selectivity patterns, in truth, often reveal themselves post 

synthesis by experimentation but there is a general logic underpinning the design. The 

incorporation of at least two coordination sites such as (thio)urea groups into the anion 

host design, is the only certain starting criterion for achieving selectivity by means of 

steric exclusion or advanced preorganisation. 

For urea based hosts, a major specific factor when considering anion-host interaction is 

the competition from the solvation of anion and host initially present. Another 

competing factor is the phenomenon of inter and intramolecular H-bonding between 

urea groups. These effects have been studied for c a l i x a r e n e ~ ~ ~ - ~ ~ .  These bonds can be 

in direct competition with the detection of anions. For example Reinhoudt reported a 

tetra-urea calix[4]arene showing lower association constants with chloride and poorer 

anion selectivity than an equivalent di-substituted calix[4]arene, despite the availability 

of 8 and 4 hydrogen bonds respectively72. What may initially be considered a hindrance 

or a competing factor to the functioning of an anion sensor can reward the chemist by 

discriminating against some anions, thus creating interesting selectivity patterns. 

In chapters 3 and 4, urea functional groups are incorporated into calix[4]arene platforms 

and their selectivity pattern is determined by optical and electrochemical techniques. 

1 1 An introduction to calixarene chemistry 
The name calixarene stems from 'calix crater' a type of ancient Greek vase and by its 

very name conjures up images of selective containment8'. 



Calixarenes are a class of supramolecular receptor, typically synthesised by phenol- 

formaldehyde condensation reaction, to give oligomers comprising a central macrocycle 

of varying repeat phenolic units linked by methylene groups at the ortho position. Since 

their description by Gutsche in the 1980s8', many calixarene derivatives have been 

described, due to the ease of modification of the so called upper and lower rims of the 

calixarene's central annulus 26,27,82-85 . The calixarene family has thereby become 

synonymous with the forefront of complex chemistry. 

There are numerous compounds based on the calixarene molecular platform which all 

have certain features in common, namely a central aromatic cavity or annulus, an upper 

rim and a lower rim, substituted as required. A general calix[4] arene structure is shown 

in Figure 1.8. 

Upper Rim 

Annulus 

Lower Rim 

Figure 1.8. A typical calixarene (1-1) in a cup like cone conformation. 

The number of phenolic repeat units may be higher than four, but by far the most 

commonly encountered calixarenes contain four repeat units. In addition calix[4]arene 

1-1 contains upper rim t-butyl groups as a commonly encountered example. Much of 

the discussion in this thesis therefore focuses on structures based on 1-1 as a default. It 

must be emphasised that a multitude of calixarenes have been reported with varying 

upper and lower rim substituents or indeed the complete absence of substituents on 

either rim, having dramatic effects on properties such as conformational flexibility. In 



summary, calixarenes make excellent platforms for the design of chemical sensor 

receptors for ions and neutral molecules. Several excellent publications are available 

describing the history, synthesis and characteristics of calixarenes 26,81,85-87 

Zinke was the first to obtain crystal calixarene products in the 1940s and by 

recrystallisation, pure enough material was available to propose a cyclic structure, with 

the general structure shown in figure 1 .988. 

R R Groups 
I 

Figure 1.9. The structure of a calixarene as a cyclic structure as first proposed by 
Zinke. 

This structure does not yet allude to the 3D cavity possibilities of calixarenes. The first 

calixarenes to be investigated for conformation were hydroxyl containing calixarenes in 

the solid state. X-ray crystallography was the best way to investigate possible 

conformations of such basic calixarenes as in solution, there is typically much 

conformational flexibility and an 'average' conformation only may be observed by 

NMR. Gutsche and co-workers have summarised these X-ray crystallography results 

where four distinct 'frozen' conformations of calix[4]arene are described. These are 

shown in Figure 1.1 o ~ ~ - ~ ~ .  



Cone partial Cone 1,3-alternate 1,2-alternate 

Figure 1.10. The 3D representations of the four conformers of calix[4]arenes. 

Calixarenes with 5 repeat phenolic units also have four possible conformers with 

increasing numbers for 6 and more repeat units. 

Before the emergence of calixarenes as a major contender of host-guest chemistry, 

Pedersen and Cram had investigated crown ethers and elegantly demonstrated the 

concept of inclusion of group I metals in the their cavities. Cram raised awareness of 

the concept of immobile baskets or 'cavitands' that contained rigid preorganised 

'enforced cavities' large enough to engulf ions or ~ n o l e c u l e s ~ ~ ' ~ ~ .  It was apparent that 

calixarenes had potential rigid cavities but the hydroxyl calixarenes of earlier studies 

had too much flexibility to fit such descriptions. To replicate the concepts and 

endeavours previously bestowed on crown ether chemistry, efforts were made to lock 

calixarenes in a cone or partial cone conformation. Researchers like the Parma group 

and McKervey and coworkers substituted ether and ester groups of appropriate 

dimensions to the lower rim hydroxyl groups to prevent the free rotation of hydroxyl 

groups through the calix[4]arene a n n u l ~ s ~ ~ , ~ ~ .  These efforts were vindicated by x-ray 

analysis which indeed revealed cone and partial cone conformations with rigid 

preorganised cavities. 

As X-ray crystallography is still far from a routine fast technique, an alternative 

technique of a universally applicable nature was needed to rapidly ascertain the 



conformation of newly synthesised calixarene hosts. In tandem with conformational 

1 freezing strategies, H NMR techniques became available to assess conformations at 

room temperature. The groups of Ungaro and Gutsche assigned distinct 'H NMR 

splitting patterns to the calix[4]arene CH2 (methylene) spacers of the annulus according 

to the conformation present8'. These signals appear at a chemical shift of around 

4.0ppm according to the splitting pattern detailed in Table 1.7. 

Conformatiom 'H NMR Pattern 

Cone One pair of doublets 

A pair of doublets OR 
Partial Cone 

A pair of doublets and a singlet 

1,2-alternate A singlet and two doublets 

1,3-alternate A singlet 
.. 

Table 1.7. The 'H NMR splitting patterns for the annulus CH2 protons of specified 
calix[4]arene conformations. 

Indeed for the calixC41arenes synthesised in this thesis, the cone and a 1,3-alternate 

conformation were assigned using the same method. Figure 1.11 shows the structure of 

5-5 (chapter 5) and its corresponding 'H NMR spectrum as an illustrative example. 

Some of the typical calix[4]arene signals encountered are indicated including signals for 

phenolic hydrogens, aromatic protons, methylene protons of the annulus (two doublets 

indicative of the cone conformation) and signals corresponding to the tertiary butyl 

protons of the upper rim. 



Figure 1.11. Characteristic 'H NMR signals of a typical calix[4]arene, 5-5 (chapter 5), 
including two doublets indicating the presence of the cone conformation. 

From the 1980s onwards a plethora of cleverly substituted easily characterised 

calixarenes with rigid cavities for host-guest chemistry became available and synthetic 

efforts continue to this day. 

From their discovery, a further 30 years of synthetic research was required to control the 

number of repeat units in the calixarene ring and workers like KBimmerer managed to 

synthesise 4151617 and 8 membered rings in a more controlled fashion instead of a 

complex mixture of these96. As well as the presence of multiple oligomers, workers like 

Cornforth detailed how several diastereoisomers of each calixarene can exist, with 

obvious implications for purification97. As purification and characterisation techniques 

evolved, the elegant 3D conformations of various calixarenes were elucidated. 



Following the rigidification of t-butyl calix[4]arenes substitution with simple ethers and 

esters on the lower rim, the next goal was to create selective and useful complexation 

agents. In addition to preorganised rigid cavities and the 'best fit' or 'lock and key' 

principle which makes complexation thermodynamically favourable', suitably placed 

complexing fzinctional groups within the calixarene cavity are also essential. Particular 

emphasis is placed on lower rim substitution, although upper rim chemistry is alluded to 

also. Only lower rim substitution was performed for compounds synthesised for this 

thesis. The most obvious starting point on the typical calix[4]arene starting material are 

the four lower rim hydroxyl groups. These can readily be deprotonated using a base 

followed by SN2 substitution to append a large variety of moieties. Carbonate bases are 

used for the first two hydroxyl protons and disubstituted products are typically obtained. 

As the pK, of subsequent hydroxyl protons rises, hydride bases are often used to remove 

the remaining two protons to yield tetrasubstituted products. 

In the case of calix[4]arenes the degree of substitution can vary from mono- to tetra- 

substituted. Shinkai and coworkers have altered reaction temperatures, solvents and 

choice of base in order to control and clearly define methods determining the final 

substitutiong8. Our own group has conducted studies into the synthetic conditions 

leading to partially and fully substituted ester calix[4]arenes at the lower rim by varying 

reaction parameters including solvent, temperature, base and s to ich io rne t r i e~~~~ 

Controlling substitution also controls guest complexation selectivities observed and so 

is vital knowledge generally, as shown by Diamond and ~ a 1 1 ' ~ ~ .  

A wide variety of functional groups have been attached to calixarene scaffolds 

lending varied properties on the target macrocycles. Calixarenes substituted on the 

upper or lower rim of the annulus result in effective cavity based Host compounds for a 

wide variety of guests and there are excellent texts available bravely attempting to 



campre1tensively review these 27.28,83-85 
, Neutral calixarenes arc based on functional 

groups such as amines, am ides, esters, phosphii~e oxides and ethers containing oxygen, 

nitrogen and sulphur donators. The majority of successf~~l calix[4]arene hosts are 

selective towards inorganic cations. Alone focusing on the output of Diamond and 

caworkers over the years, selves RS a broad illustration of the variety of selective hosts 

synthesized in the I iteritir~re. Dia~nond and coworke~-s have sy nlhesizcd cal ixnrene 

based hosts for cations such as sodium''', lead"", europium'" and 

1 i t h i ~ r n ' ~ h s  well as several enant ioselective hosts for optical t y active neutral organic 

g~~ests"06.'07 as depictecl in Figure 1.12. There are now robust and selective 

commercially available cation sensors based on solne ofthis chemistry. 



ca2+, pb2+, EU" selective lSEs 

Selective for neutral orsanic optically 
active guests in solution 

Chromogenic Li+ selectivity 
in solution 

K4 0 4 
&- 

NO:! 

Pi~llre 1.12. A selection ol' calix[4]ai.ene hosts showing selectivity towards 
specified species, 



By and large, the same hnctionalized appendages can now be inserted on the lower 

and upper rim of calixarenes in a controlled manner, The main difference is that upper 

rim substituents provide an enlarged cavity for guests with greater dimensions 

compared to lower rim cavities. For example as anions are larger than isoelectronic 

cations, they require a larger host cavity. Such cavities are sometimes furnished by the 

substitution of urea functional groups onto the upper rim providing suitable cavities. 

The spacious arrangement of up to four appendages on the upper rim can lead to 

interesting phenomena such as intermolecular H-bonding and subsequent Host-Guest 

chemistry of resultant calixarene capsules'78. As most starting material calixarenes 

typically contain upper rim tert-butyl groups (synthesized with best yields), these must 

first be removed prior to the addition of alternative appendages. This entails a reverse 

Friedel-Crafts reaction catalysed by AlC13 in toluene or phenol'08. A general scheme for 

this is shown in Figure 1.13. 

AICI3 - 
Toluene or Phenol 

Figure 1.13. A general scheme for the removal ofp-tert-butyl groups of calixarenes 
by reverse Friedel-Crafts reaction. 

The remaining para-H can now be substituted by aromatic electrophilic substitution 

reactions8'. However, fuctionalisation via para-Claisen rearrangement is perhaps a 

more interesting route. An interesting example of this is shown in Figure 1. 14'09. 



Figure 6.14. The fi~nctionalisation of ca lixarenes by para-Cla3sen rearrangement 
reaclion. 

The labile allyf groups can be polymerized into a chain or may serve as a handle, 

providing s pnssive covalent linker to a surface strbsrrate (via the upper or lowcr rim), 

wl~ilst the other substituent positions on the calixarene can contain the mlive fi~nctional 

groups engaged in cotnplcx formation and transduction chemistry. This type of 

approach is incl-easingly important in zhe context of modern sensor development. The 

strategy of host immobilization is imporrant for reat life sensors and in line with efforts 

to modifying proven sohrtian phase chemistry For real life sensor devices. If only a 

singIe passive linker i s  required, perhaps to maintain the calixarcnes overall flexibility 

or to prevenl i~~terierence with the complexing mode, the1.c are rnetliods available 

leading to mono-ally1 calixarenes as shown in Figure 1.15' lo. 



Figure 1.15. Mono-ally1 calix[4]arene starting materials for further substitution. 

Indeed Loctite attached metal chelating calixarenes to polymer supports via upper and 

lower rim attachment by a similar approach"'. This is an example of the industrial 

relevance of calixarene chemistry. It is apparent that many of the calixarenes discussed 

in this thesis and in the literature could theoretically be subjected to this immobilization 

chemistry prior to attaching the complexing chemistry required. 

1.1 1 Investigating Calixarene complex formation 

The first attempts at investigating the complex formation ability of some simple 

112,113 calixarenes is credited to Izatt and coworkers and took place in the early 1980s . 

Both the calix[4]arene hosts and the transduction methods used were relatively basic 

and of an academic nature. Since this research, the sophistication of calixarene 

structures has improved through unabated research effort, leading to selective practical 

devices available today. There are general reviews available on the broad topic of 

seminal calixarenes as sensing agents including electrochemical and optical 

transduction modes such as by Diamond and ~ c ~ e r v e ~ ~ ~  and ~ o h m e r ~ ~ .  The earliest 

work focussed on group I and I1 cation interactions and to this day it appears that most 



calixarene hosts reported are cation selective although there are growing numbers of 

anion selective hosts. In addition there are several hosts for neutral organic guests. To 

illustrate the evolution of calixarene complex formation chemistry, some cation 

selective calixarenes are described. Izatt investigated the ability of a series of hydroxy 

calixarenes to transport cations between an organic and aqueous phase. Figure 1.16 

shows the structures of hosts investigated. 

n = 4 , 5 , 6 , 7 a n d 8  

Figure 1.16. The structures of calixarenes investigated by Izatt for cation interaction. 

Izatt and coworkers had experience with investigating crown ethers and cyclodextrins 

prior to calixarene investigations. The approach was always to investigate cyclic 

structures with central cavities of varying size by altering the number of repeat units, in 

a similar way to the calixarenes in Figure 1.16. These structures represented relatively 

simple cation hosts with no striking cation selectivity apparent. For transport to take 

place, strongly basic solutions of calixarene were required to deprotonate lower rim 

hydroxy groups thus providing an electrostatic interaction mechanism between 0- and 

the cation. Group I cations interacted with the calixarenes in this way, unlike group I1 

cations. Modest but seminal selectivity towards caesium was observed for the 

calix[6]arene in particular. In a control experiment, p-tert-phenol showed no transport 

ability. These studies were amongst the first evidence that a cyclic cavity effect was 

inducing selectivity towards certain guests through dimensionally specific 

preorganisation, similar to the case of crown ethers earlier. 



Later studies also used multiphase liquid transport studies to test the complex formation 

ability of calixarenes. The calixarenes tested were derivatised in an increasingly 

sophisticated way. A series of lower rim substituted ether calixarenes revealed varied 

selectivities by McKervey and  coworker^"^ including compounds with ester 

functionality similar to that shown in Figure 1.12. Similar compounds were 

investigated by Chang and Cho around the same time confirming these r e ~ u l t s " ~ .  

Perhaps the most important discovery was the realisation that calix[4]arenes appear to 

manifest a kind of default selectivity for ~ a ' ,  due to a particularly good fit between host 

and guest. Besides the ester calixarenes, another major study was performed on amide 

derivatised calixarenes by Chang and  coworker^"^. These compounds were less 

effective at forming complexes with group I metal cations but were particularly good 

transport agents fro group I1 cations. 

As the chemistry of the calixarenes became more sophisticated and ever better 

selectivities towards target analytes were achieved, the analytical tools for signalling 

guest recognition applied to these systems also changed. The quintessential cation 

selective ionophores, the crown ethers had been incorporated into PVC based ISE 

membranes revealing excellent analytical properties"7. By applying such a 

transduction mode, the impressive host-guest chemistry of these compounds could be 

dramatically exploited to produce a real life analytical signal, where previously only 

multiphase liquid transfer experiments had yielded results. In this way molecular 

structures wit11 proven solution based selectivity for group I alltali metals like 

potassium, were combined with a real life analytical technique that are potentiometric 

ISEs. 

In the same way Diamond and coworlters investigated a series of known tetraester 

calixarenes for cation affinity using potentiometric I S E ~ '  1 8 .  This type of calix[4]arene 



ester is amongst the first calixarenes with real preorganisation and the ability to 

selectively bind cations. They represent the academically most successful calixarene 

guest recognition agents employed to date also possessing considerable commercial 

meritz6. The structure of these calix[4]arenes is shown in Figure 1.17. 

Figure 1.17. The general structure of tetraester calix[4]arenes as investigated by 
Diamond and co-workersz6. R includes CH3-, CH3CH2- and CH30CH2CH2-. 

These neutral calix[4]arene hosts are symmetrically substituted lower rim tetraesters. 

The methyl and ethyl ester versions of this compound for example, showed excellent 

selectivity for sodium with 100-fold selectivity over the commonly prevalent sodium 

interferant potassium. The key features of this type of calix[4]arene are the nature of 

the upper and lower rims. On the lower rim there are eight oxygens which are available 

for forming ion-dipole electrostatic bonds with cations. Four phenoxy oxygens attached 

to the calixarene annulus and four carbonyl oxygens from the ester groups. The upper 

rim contains tertiary butyl groups which lock the calix[4]arene into a rigid cone 

configuration. This represents a host providing an ideal 'lock and key' fit cavity for the 

sodium ion as well as providing directional localized negative charge via the hard donor 

oxygens to coordinate effectively with sodium. 

Extensive molecular modelling and X-ray crystallography confirm these experimental 

findings on a theoretical basis 114,l 19,120 . Figure 1.18 shows a tetraethyl ester t-butyl 

calix[4]arene coordinating a sodium ion, clearly demonstrating the involvement of eight 

oxygens in sodium coordination. 



Figure 1.18. A tetraester calix[4]arene locked in the cone conformation, binds a 
sodium ion by a 'lock and key' interaction with eight lower rim oxygens. A similar 
model applies for tetraamide calix[4]arenes. Atoms are scaled by size according to 
Huckel partial charges. Red and blue are areas of positive and negative localised charge 
respectively. 

The sodium selectivity of the tetraester may be considered a kind of default for 

calix[4]arenes in general due to the ideal fit in the lower rim cavities2*. 

The calixarene hosts reported today have come some way fiom the early structures 

reported on by Izatt and coworkers. Hosts can operate in a charge neutral fashion with 

minimal pH interference and no sample pre-treatment. Cavities are rigid with 

appropriate dimensions and functional groups for selective analyte recognition. 

Concurrent with the structural changes, the analytical transduction modes employed 

have followed suit. Improved practical electrochemical and optical methods are now 

used26. Calixarenes are immobilised on and in the sensing surface. Fast reversible 

signals are obtained with desirable sensor parameters: Selectivity, range, LOD, lifetime 



and reproducibility. Today's keywords include lab on a chip, miniaturisation, cost 

effectiveness, low power consumption, digital data handling and wireless networlcs. 

One example of these trends is the move from conventional ISEs to ion-selective field 

effect transistors (ISFETs) and coated wire electrodes (CWE) using calixarenesI2'. 

Internal filling solutions are eliminated and they can be miniaturised and mass produced 

according to semiconductor industry specifications. One note of caution for these 

alternatives to classical ISEs is that due to the lack of internal filling solutions, the 

interfacial interaction mechanism between membrane and wire or transistor is not as 

clearly understood as a filling solution-membrane contact. Indeed the analytical output 

of such devices is generally less stable than that of a classical ISE. 

Both the fundamental chemistry and the device applications of calixarene chemistry are 

evolving from academic curiosities to miniaturised commercial devices. 

Cation selective calixarene applications have reached a certain level of maturity, 

however contributions continue to be made like the Hg(I1) and Ag(1) selective nitrile 

based calix[4]arenes described in chapter 5 . Perhaps the state of the art of calixarene 

chemistry today lies with anion or neutral guest selective hosts coupled with optical 

transduction techniques. To this end, a chloride selective calix[4]arene with ratiometric 

fluorescence transduction is described in chapter 4. 

1.12 General experimental (for all chapters) 

Generation of molecular models. All molecular models and were created using MM2 

force field energy minimization. The energy was reduced to a minimum RMS gradient 

of 0.100. Debye-Hiickel partial charge calculations were also performed with the same 

software. The software used was Chem3D Ultra 8.0 supplied by Cambridge Scientific 

Computing, Inc. 



The preparation of ISEs and titration procedures for Anion and Cation analysis. 

The following general procedure was followed for all potentiometric work unless stated 

otherwise. Potentiometric membranes were prepared using 250mg 2-Nitrophenyl octyl 

ether, 125mg PVC, 6.5mmol kg-' host ionophore and 2.7mmol K ~ - '  potassium 

tetrakis(4-chlorophenyl) borate (cation analysis) OR tridodecylmethylammonium 

chloride (anion analysis) dissolved in dry THF and evaporated slowly. A 'blank' 

membrane refers to the same membrane coclctail described above, however omitting the 

presence of an ionophore. 

The electrochemical cell used consisted of a double junction reference electrode and a 

PVC membrane working electrode in the following arrangement: 

Ag I AgCl ( 3M KC1 11 0.1M LiOAc 11 sample solution I PVC membrane I 0.01M 

NaCl I AgCl I Ag. Membranes were conditioned in 0.01M sodium chloride for 12 hours 

and deionised water for half an hour prior to ISE titrations. The sequence of ion 

titrations always went from the weakest responding to the strongest responding ion as 

observed using blank membranes and the primary ion last of all. This minimised 

preloading or contamination of the membranes with high affinity analytes. The 

potentiometric cell was interfaced to a PC using a National Instruments SCB-68 4- 

channel interface. All ISE measurements were performed in triplicate. 

A note on the use of ISEs: 

Generally in this thesis, ISE titrations are carried out in the activity ranges log a -6.0 - - 

1,0, which is considered the classical linear response range of an ISE". Many real life 

sensor applications require lower LODs, perhaps in the nanomolar range. The lowering 

of LODs for existing ionopliores is a relatively recent endeavour with good theoretical 

and practical advancements in the field of ISEs achieved'22. Typically, these methods 

require modifications of electrode filling solutions, conditioning solutions, perhaps 



samp tes themselves, conditioning regimes and other ractors. Tliese endeavot~rs are 

outside the scope of the current thesis, whose primary aim is to relate the structural 

characteristics of novel' ionopl~ores to ISE responses. In most cases tl~ese results give 

valuable informaiion to the syntl~etic chemist on how to improve the ionophore 

strtrctures. Once the ionophore molewlar str t~ct~~res are,fi& optirnised for selectivity in 

particular, the analytical chemist can set about aptimising the sensors which incorporate 

these ionophol-es. This optimisation revolves around ractors such as LODs, response 

range (sensitivity), sensor lifetime, reproducibi t ity etc. 



2. Chapter 2 Amide 

2.1 ABSTRACT 
The amide functional group is capable of forming complexes with both cations and 

anions. This is achieved via electrostatic ion-dipole carbonyl interactions and amide 

NH H-bonding respectively. Potentiometric ISEs in particular have been successfully 

used for the study of calix[4]arene amides and their interaction with cations. In recent 

times anion recognition research has been catching up with cation selective systems. 

There are inherent difficulties associated with the investigation of anion complexation 

in water in particular as discussed in chapter 1.2. The use of amide functional groups 

has been extended to the research of anion complexation. Such complexation and 

selectivities are often monitored by NMR or optical methods, but is rarely reported 

using potentiometric transduction methods. 

Calix[4]arene amides 2-17, 2-18 and 2-19 were synthesised with varying degrees of 

substitution on the upper and lower rims. These ionophores were each incorporated into 

ISE membranes, configured in turn for cation or anion recognition, depending on the 

membrane ion-exchange salt. In this way the dual-use functionality of amides could be 

exploited, whilst minimising interference from analytes of the opposite charge sign to 

the target analyte. 

Regarding cation analysis, no significant change in selectivity order was observed 

compared to an ISE with no ionophore (blank membrane following Hofmeister series of 

selectivity) for the 3 hosts. For 2-18 and 2-19 a modest improvement in response 

towards Na(1) and Ca(I1) was observed. This is in agreement with the general size 

compatibility of these ions and the calix[4]arene lower rim cavity. When configured for 

anion recognition, 2-18 revealed bromide selectivity and a clear deviation from a 



solvent dominated selectivity pattern (Hofmeister series). Molecular models suggest a 

peripheral mode of binding with bromide instead of a cavity inclusion mechanism. It is 

thought that the bulky naphthyl groups proximal to the amide functional groups provide 

some of the necessary preorganisation leading to the observed selectivity. 

The presence of allyl groups provides a potential means of immobilising the host onto a 

sensor substrate as allyl groups can be converted into a covalent linker. This may be 

required for a practical sensor device application. An alternative strategy may be to 

polymerise the host into a chain via the present allyl groups, the resultant material 

serving as the sensor substrate. 

2.2 INTRODUCTION 
The Initial work on calix[4]arene amide ionophores in the literature involved structures 

with the general structure depicted in Figure 2 . 1 ~ ~ .  

Figure 2.1. A general structure for tetraamide t-butyl calix[4]arenes. R, and R2 are 
alkyl or aryl moieties. 

They were typically symmetrically tetrasubstituted on the lower rim and provided four 

carbonyl oxygens (from alnide functional groups) and four phenoxy oxygens (adjacent 

to calixarene annulus) for complexing cations. Their cavity dimensions and 

characteristics are quite similar to those of the calix[4]arene tetraester type hosts 

discussed in chapter 1. The mode of binding cations was therefore much the same as 

depicted by the molecular model complex of a tetraester seen in Figure 1.18. The 



nature of substituents and preorganisatian locked the entire structure into a cone 

confornation. It is no surprise tl~ereforc that, like with their tebaester analogues, 

sodium seleclivity was indeed observed in many coseZR. 

Most of the early studies revolved around potentio~netric ISEs, investigating selectivity 

amongst a variety o f  cations. Over time, different arnicle substituents were fitted (Rl and 

RZ varied Figure 2.13 and the upper rim substitution was rnodificd. 

A comparison of amide and ester cnlix[4]arene ionophores and their similar attributes i s  

\herefore valuable, as most literature data for these classes of compounds was derived 

using potentiometry. Figurc; 2.2 shows the gene131 structure of calix[4]arenes discussed 

and Table 2.1 gives detaijs of the specific structures. 

Figure 2.2. The general structure of calix[4]arene esters and amides discussed. 



OCH3 
OCH2CH3 
OCH2Ph 
O C I O H ~ I  

OCH(CH3)z 
OC(CH3)3 

OPh 

2-11'0° Diester version of 2-2 
2-12'0° Monoester version of 2-2 

Table 2.1. Details of identity of R groups of the calix[4]arene ester and amide general 
structure in Figure 2.2. 

Using potentiornetric ISEs containing a particular ionophore to investigate host 

selectivity there are two main factors for modulating observed selectivity. One involves 

structural changes to the ionophore performed by the organic chemist, the other 

involves altering other parameters of the sensor. The latter approach may include 

varying the polarity of plasticizer used, changing filling solutions and conditioning 

regimes (chapter 5) or changing the ratio of ionophore to ion exchange salt within the 

These measures do indeed alter the selectivities and other characteristics 

of ISEs, but to radically change the properties of a sensor usually requires structural 

modifications of the ionophore itself, the heart of any chemical sensor. 

By keeping all sensor parameters constant but varying the ionophore, a link between an 

analytical signal and host structure change was established using potentiometric ISEs as 

discussed in later in this chapter (similar approach used in chapters 3 and 5). The 



modifications and resultant properties are generally discussed relative to the parent t- 

butyl symmetrically tetrasubstituted calix[4]arenes. The discussion in this thesis 

confines itself to calix[4]arenes as the majority of calixarenes contain 4 repeat phenolic 

units including all calixarenes in this thesis. The topic is then extended to a number of 

calix[4]arene amides which have not previously been investigated. 

Structural modifications are broken into 3 main categories: 1) The nature of ester or 

amide lower rim substituents. 2) The nature of upper rim substituents. 3) The number 

of lower rim substituents. Although the majority of these studies in the literature were 

carried out on calix[4]arene esters, it is well conceivable that a similar correlation 

between structural changes and observed selectivity patterns would apply to equivalent 

calix[4]arene amides. 

2.2.1 Tlze nature of ester or amide lower rim substituents 
Increasing the length of ester substituents gradually from from methyl to decyl (2-1 - 2- 

4) did not influence ISE behaviour greatly with similar sodium selectivity observed in 

all cases. However, changing the steric bulkiness of ester substituents (2-5 - 2-7), 

including t-butyl and aromatic substituents proximal to the ester carbonyls instead of 

simple linear alkyl groups, led to changes in the observed potentiometric selectivity 

coefficients. In addition, sensitivity is decreased, LOD is elevated and there is increased 

interference to sodium selectivity from potassium and caesium. The bulkiness of 

substituents is thought to force a larger cavity by steric means, which in turn reduces 

sodium selectivity, whilst enhancing the competitive effectiveness of larger cations (K' 

and CS+ for example). 



2.2.2 The effect of removing upper rim t-butyl groups 
The effect of removing the t-butyl groups of a number of calix[4]arenes on the sensor 

characteristics has also been examined in comparison with the parent t-butyl 

calix[4]arene. Hosts 2-8 - 2-10 are compared to 2-3,2-5 and 2-6. 

In general when upper rim substituents were replaced with hydrogen, poorer sensitivity 

and selectivity were observed as well as elevated LODs, with enhanced responses to the 

larger potassium and caesium in comparison to sodium. The absence of the upper rim t- 

butyl groups means that the bulky lower rim substituents can enlarge the cavity of the 

lower rim to relieve steric hindrance. Deviation from the rigid preorganised cone 

conformation is now possible. The analytical characteristics of such ionophores reflect 

this. 

2.2.3 The number of lower rim appendages 
Lynch and co-workers compared the ISE characteristics of tetraester 2-2 with equivalent 

diester and monoester analogues 2-11 and 2-12 similar to the structures in Figure 2.3'". 

In each case, the response to sodium was compared with a blank ISE membrane 

(containing only exchange salt but no ionophore). It was found that only the tetraester 

showed convincing sodium selectivity. Due to the less preorganised open nature of the 

cavities of the diester and monoester, the diester shows reduced selectivity forming 

effective colnplexes with potassium and caesium as well as sodium, involving six 

oxygen donors in total. The inonoester was found to show a very weak interaction with 

sodium (i.e. virtually identical to the blank). The monoester calixarene has very little 

preorganisation compared to the other calixarenes and the molecular model of the 

monoester-sodium complex shows the sodium well inside the calixarene annulus''', 

confining interaction to the four phenoxy oxygens and limiting interaction with the 

remaining ester carbonyl oxygen. Perhaps as expected, the most preorganised 



tetrasubstituted host showed the most favourable sodium selectivity. Figure 2.3 shows 

molecular models of tetra, di and mono substituted ethyl ester calix[4]arenes. Apart 

from experimental evidence, it can perhaps be intuitively foreseen that lower binding 

constants and less selectivity will ensue as substituents (complexation points) are 

removed and the cavities are opened up. 

Less s u b ~ ~ m  * Lewer eeertplexatiew csnstmts a d  Lass sekct4vEt-g 

Figure 2.3. From left to right: tetra, di and mono substituted ethyl ester calix[4]arene. 
Less substitution results in weaker complexation and more general selectivity. 

2.2.4 Calix[4]arene amides as cation hosts 
In general, for amide calix[4]arenes analogous to the esters described above, it is 

conceivable that changing the number and identity of upper and lower rim substituents 

would result in similarly modulated selectivities. However, some characteristics 

exclusive to amides and the impact on sensor applications of such ionophore hosts is 

discussed below. 

In the absence of appropriate sodium selective preorganisation, an ionophore based on 

amide functional groups will prefer divalent cations over monovalent cations of similar 

size unlike an equivalent ester ionophore. This is because of the higher dipole moments 

of amide carbonyls in general, forming stronger electrostatic bonds with divalent 

cations. For example comparing the dipole moments of typical calix[4]arene ionophore 



appendages for cation binding, ester CH3C02CH2CH3 has a dipole moment of 1.78D 

compared to the amide CH3CONHCH3 which has a dipole moment of 3.73D according 

to  model^"^. 

However with the appropriate preorganisation in place, good sodium selectivity and 

sensitivity can once again be observed, with the notable feature that there is increased 

interference from Ca(II), which has a similar ionic radius to sodium (ionic radii of 100 

and 102pm respectively), and improved selectivity of Ca(I1) over ~ ~ ( 1 1 ) ' ~ ~ .  This was 

the case for 2-13 - 2-16 with the exception of 2-14 (Table 2.1). 2-14 illustrates an 

important feature of calixarene amide i ~ n o ~ h o r e s ' ~ ~ .  This cavity contains only tertiary 

amide groups. In effect this means that the uncomplexed ionophore can have its four 

carbonyl oxygens pointing inward. Minimal rearrangement is needed to accommodate a 

guest in this way, removing some of the impetus leading to selectivity. This coupled 

with the highly polar nature of amides (compared to esters) means that strong binding is 

observed for nearly all cations tested in picrate phase-transfer experiments, with a slight 

overall preference for calcium over sodium. The potentiometric trials involving 2-14, 

mirrored this result in that no significant size discrimination was observed for a series of 

common inorganic cations, with the most notable interference attributable to alkali earth 

(divalent) metal cations probably arising from the highly polar nature of the amide 

functional groups. Conversely, with the non-tertiary calix[4]arene amides, where one or 

more hydrogens are attached to the amide nitrogen, there is a greater chance of 

achieving some selectivity but weaker overall complexation ability. This is due to the 

possibility of intrarnolecular H-bonding within the free calix[4]arene. Conceivably, 

iiltermolecular H-bonding and capsule formation may also be at play. This means that 

any potential ionic guest must compete with these H-bonds and subsequently additional 

significant rearrangement of the amide groups is required for all carbonyl oxygens to 



point in a convergent manner into the complex cavity. These factors compete 

energetically with the binding of ionic guests, weakening the overall affinity for ions 

but crucially helping to induce useful selectivities. This competition appears analogous 

to the case of urea calix[4]arenes as discussed in chapter 1.9. In comparison to 2-14, 

ionophore 2-15 shows sodium selectivity comparable to the best tetraester 

calix[4]arenes. In terns of sodium selective ionophores, ester calixarenes are preferred 

over the amide analogues, showing ideal intermediate binding constants, displaying the 

best sodium selectivity in sensors and displaying other excellent sensor characteristics 

in terms of ISE lifetime, sensitivity and LODs (literature references in Table 2.1). 

2.2.5 The case of the calix[4]arene amides as anion hosts 
It is perhaps in the area of anion sensing that there is the most potential for investigating 

novel selectivities of calixarene amide ionophores. What is interesting about the amides 

is the presence of H-bonding potential from the NH in the alpha position to each amide 

carbonyl, in the case of non-tertiary amides. This in theory means that an ionophore 

with appropriate amide functionality can be configured for cation or anion analysis. 

The partial negative charge on the amide carbonyl provides a directional means of 

binding cations by an electrostatic ion-dipole interaction and the nearby NH protons 

with their partially positive charge can forin H-bonds with anions. Figure 2.4 shows a 

molecular model of the simple amide acetamide, with emphasis on the partial charges of 

the molecule, whose atoms are sized and coloured according to charge type and 

magnitude to illustrate the above point. 



Figure 2.4. The energy minimised model of acetamide. Atoms are scaled in size and 
coloured according to the magnitude and type of Hiickel partial charges. Amide oxygen 
is positive (blue) and amide hydrogens are negative (red). 

Ester functional groups, lacking H-bonding ability, are confined exclusively to cation 

detection. It might be argued that a functional group with the ability to interact with 

both cations and anions may be subject to more scenarios of ana1yte interference in a 

sensor. One approach that effectively avoids this is when arnide ionophores are used in 

ISEs. ISE membranes, in addition to the ionophore host typically contain an ion 

exchange salt21. The lipophilic ions exchange ions fiom the sample phase of the 

opposite charge, bringing them into the membrane phase, normally with selectivity that 

follows the Hoheister series. Once in the membrane, the ligand (i.e. calixarene host) 

competes with the exchanger and ideally dominates the overall observed selectivity. At 

the same time the exchanger ions repel ions of the same charge and hence they dictate 

whether the membrane is overall cation or anion selective. This may be viewed as a 

means of pre-configuring an ISE for anion or cation analysis depending on the choice of 

lipophilic exchange salt. Amides may therefore be considered dual-use functional 

groups. 

Urea or thiourea functional groups are the most popular H-bonding functional groups 

for the design of neutral anion selective ligands as each urea moiety provides two H- 



bonds potentially. The nearby carbonyl groups mean these functional groups also have 

potential to complex both anions and cations. This is discussed further in chapter 3. 

The application of amide functional groups for anion recognition is broadly divided into 

two categories of receptors. The first is neutral cyclic and acyclic organic receptors and 

the second is metal ion containing charged receptors. This area of research has recently 

been thoroughly reviewed'29. The neutral amide host category of course contains 

examples based on calixarene platforms. They all generally have two or more amide 

groups on the upper or lower rim of a calix[4]arene platform, which results in 

preorganisation and a disposition towards showing some interesting anion selectivities. 

Examples of such calix[4]arenes include two or more amides providing H-bonds for Y- 

130-136 shaped carboxylate anions , ~ 2 ~ 0 4 ' ~ ~ ' ' ~ ~ ~  fluoride 140-1 42 137,143 and chloride . Figure 

2.5 illustrates the diversity of such calix[4]arene amide ionophores tested for interaction 

with anions, as have recently appeared in the literature. This diversity is necessary to 

accommodate anions which have a larger variety of shapes and sizes compared to 

cations as discussed in chapter 1.8. 



Upper rim complex ... 
(Cameron, 1997) 

P ~ C &  6H2ph 

Capsule complex ... 

Complex with optical transduction ... 
(Lee, 2005) 

Lower rim complex ... 
(Sdira, 2005) 

1,3-alternate complex ... 
(Kim, 2005) 

Figure 2.5. Selected examples of calix[4]arene amides in the literature used for anion 
(A) complexation. 



As the amide protons are involved in hydrogen bonding anions, this provides a 

convenient means to monitor stoichiometries, binding constants and binding 

conformation by conducting 'H NMR titrations and monitoring the chemical shift of 

relevant amide protons and so is the most popular tool for investigating such 

I interactions. H NMR screening of urea and thiourea interactions with anions is popular 

for similar reasons. The next most popular means of investigating anion binding of 

amide calixarenes is UV-Vis and fluorescence spectroscopy. This of course means 

there must be metal or organic chromophore moieties in proximity to the amide groups 

to signal the presence of an ionic guest to the analyst. Cyclic voltammetry has also been 

used. A minority of researchers rely solely on computer modelling to predict anion 

affinity in specific solvent environments. 

There are very few examples in the literature where calixarene amide-anion interactions 

are monitored by potentiometric ISEs. Possibly the main reason for this discrepancy is 

the anticipated competition to anion binding from the aqueous H-bonding water 

environment, inherent in the use of potentiometric ISEs. These solvent effects are 

discussed in chapter 1.2. 



2.3 RESULTS AND DISCUSSION 
Calix[4]arene amides 2-17,2-18 and 2-19 (Figure 2.6) were previously synthesised in 

our 

kpfh kpth ~ p t h  

Npth = naphthyl 

Figure 2.6. The structures of calix[4]arene amides 2-17,2-18 and 2-19. 

These structures were incorporated into ISEs configured separately for either anion or 

cation detection. The selectivity pattern of these amide hosts was then established 

potentiometrically. 

Structures were deliberately chosen, where there is likely deviation from the well- 

established 'default' sodium selectivity in order to find new potential uses for such 

compounds in cation or anion sensing applications. In light of this aim and the 

discussion in chapter 2.2, the structures presented have features including calix[4]arene 

amides with less than four lower rim appendages, bulky substituents proximal to amide 

functional groups, the absence of upper rim substituents and non-tertiary amides. 

Structures 2-17 and 2-18 contain upper rim p-ally1 groups instead of the more 

commonly encountered p-tert-butyl substituents. Interestingly no more than three 

naphthyl amides could be attached to the lower rim, the addition of a fourth appendage 

presumably prevented by the increasing steric hindrance between naphthyls at the lower 

rim'44. From the 'H NMR spectra of all these compounds, there is a pair of doublets 



around 4ppm which correspond to the methylene protons of the calixarene's annulus 

spacers'44. This is indicative of a cone conformation in all cases. It appears that the p- 

allyl groups together with the lower rim substituents are capable of preventing free 

rotation of the benzene groups through the central annulus, thus the structures 2-17 and 

2-18 may be considered locked and preorganised into the cone conformation. The 

somewhat more bulkyp-tert-butyl more commonly serves this function in calix[4]arene 

chemistry. Other potential functions of allyl calixarene substituents is that they provide 

the means of being polymerised into chains or they may act as a labile handle for 

covalently linking the host structure to polymer backbones and other surfaces. The 

iinmobilisation of host species can be an important step in the development of a 

practical sensor device. This is alluded to further in chapter 1 . lo.  

2.3.1 ISEs of calix[4]arene amides 2-1 7, 2-18 and 2-19 for cation analysis 
ISE membranes were prepared with and without (blank) the specified ionophore 

according to the general experimental procedure in chapter 1.12. As an initial 

indication of the effectiveness of the ionophores, the response of blank and ionophore 

ISEs to log a -2.0 aqueous solutions of the specified cation were compared. Figure 2.7 

shows deviations in response as a result of the presence of ionophore. 
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Figure 2.7. The comparison of potentiometric responses of a blank membrane with 2- 
17,2-18 and 2-19. The potential change is for the specified cation at activity log a -2.0 
compared to measurements in de-ionised water. The improved responses for 2-18 and 
2-19 are highlighted in red. The ion exchange salt used was potassium tetrakis(4- 
chlorophenyl) borate. 

The first observation from Figure 2.7 is that for all three compounds there is no change 

in the order of selectivity towards a series of common inorganic cations when 

comparing ionophore membranes to a blank. All ionophore membranes and the blank 

show CS' selectivity in accordance with the Hofmeister series prediction (most 

lipophilic cation). CS' selectivity is most likely driven by the ion-exchange component 

of the membranes and not the ionophore. The default sodium selectivity for 

calix[4]arene amides was not observed compared to some other calix[4]arene amides 

(Table 2.1). There is no dramatic improvement (increase) in potentiometric response 

towards cations for 2-17. However, there is some improvement in potentiometric 

response for ionophores 2-18 and 2-19. Some increased potential change is seen for 

these ionophores in the presence of Na(1) and Ca(I1). Concurring with the theory, the 

high polarity of arnides results in some expected interference from alkali earth metals 

and other divalent cations compared to equivalent ester i~no~hores"~ .  



Compared to tetraamide hosts there are only a maximum of two carbonyl oxygens 

available for cation binding for 2-17 and 2-19 (or 3 in the case of 2-18), given correct 

orientation and cavity geometry. In analogy to the current observation, a reduction in 

sodium sensitivity and selectivity was noted going from tetraester to a monoester 

calix[4]arene as previously discussed100. Overall the responses are more akin to a 

monosubstituted calix[4]arene ionophore. In the case of monoesters, very little 

difference in response compared to a blank was observed. 

As the amide groups are non-tertiary in nature for all three ionophores, there is the 

possibility of intramolecular H-bonding (C=O----FIN) with which the cation guests must 

compete. Furthermore, in such cases, reorientation is necessary for all available 

carbonyl oxygens to point into the cavity for guest bonding. If this reorientation is not 

possible (e.g. for steric reasons) or energetically taxing, the response could effectively 

be that of a monoamide, a compound with little preorganisation to induce selectivity i.e. 

no significantly increased response towards any cations as in the case of 2-17. 

Furthermore, the naphthyl groups in the immediate vicinity of the amide functional 

groups may sterically impede guest binding or perhaps reorientation of the host for 

optimal guest incorporation. 

As stated above, an improved response towards sodium and calcium is observed for 2- 

18 and 2-19. A cavity size selectivity effect could be at play here, as sodium and 

calcium have similar ionic radii (100 and 102pm respectively). 2-18 has an additional 

lower rim amide appendage compared to 2-17, increasing the likelihood of electrostatic 

interaction with amide carbonyls. The removal of upper rim p-ally1 groups as seen for 

2-19, means that the cavity can reorganise and open up somewhat to relieve steric strain 

present due to preorganisation or the bulky naphthyl groups for example. In this way 

some response is observed for sodium and calcium. Figure 2.8 shows a molecular 



model as generated by Chem3D Ultra 8.0 of 2-18 encapsulating a sodium ion in the 

lower rim cavity. The presence of the cone conformation was initially verified by the 

presence of 2 doublets for the methylene calixarene annulus protons in the 'H NMR 

spectrum of 2-17-2-19"31M and this was used as a basis for models prior to energy 

minimisation. 

Figure 2.8. An energy minimised molecular model of 2-18 bonding a sodium ion. 

The bulky nature of three naphthyl groups on the lower rim is quite apparent in Figure 

2.8, probably preventing optimum orientation of the labelled lower rim ion-dipole 

bonding oxygens for sodium interaction. The relatively subtle response improvement 

compared to the blank for sodium (and calcium) seen in Figure 2.7 supports this claim. 

In comparison, 2-19 has no upper rim p-ally1 groups and only two lower rim amides 

(Figure 2.9). 



Figure 2.9. An energy minimised molecular model of 2-19 bonding a sodium ion. 

Although there is one less carbonyl available for complex formation, the less 

preorganised and sterically strained nature of the compound's cavity appears to 

compensate for this inducing increased flexibility, possibly allowing a better orientation 

of functionality with the cationic guest. Supporting this claim is that similar affinity for 

sodium (and calcium) is observed as in the case of 2-18. In the case of 2-17, the 

presence of only two amide groups of a bulky nature, restrained in a cone conformation 

with the help of further upper rim substitution, appears to prevent any appreciable cation 

interaction and the response is approximately the same as that of the blank membrane 

ISE. 

ISE titrations were carried out in the range log a -4.0 to log a -1 -0 for the same series of 

cations. From this information, the performance of ISEs could be evaluated in terms of 

slope for linear portions of the curve and the determination of formal selectivity values 

by the Separate Solutions Method (SSM). 



Tables 2.2 - 2.4 reveal the slope values obtained for 2-17, 2-18 and 2-19 ISE titration 

curves. 

Range Slope Ion (log a) (rnvldccade) 

M ~ ' "  -4.0-+- 1,0 4-27.7 

Table 2.2. Slope values for ISE 2-1 7 Tar the indicated activity ranges. 

- 
Range Slope Ion 
(102 a) CmVldecade) 

M$ - 4 . h - 1 . 0  +37.3 

Table 2.3. Slope vat t ~ e s  for 1SE 2-1 8 for the indicated activity ranges. 



Range Slope Ion (log a) (mvldecade) 

Table 2.4. Slope values for ISE 2-19 for the indicated activity ranges. 

Sub-Nernstian slope values were obtained for all cations in the case of 2-17. 

Conversely, Nernstian or super-Nernstian slopes were observed only for sodium and the 

alkali earth metals for 2-18 and 2-19. This is in agreement with the improved response 

seen for these cations compared to a blank membrane, as seen in Figure 2.7. 

The selectivity values for 2-17, 2-18 and 2-19, as obtained by the SSM (log K E!,, ) are 

presented in Table 2.5, including an indication of reproducibility as obtained from 

replicate ISE titrations. 

Table 2.5. Selectivity Coefficients, log KE'+, , for 2-17,2-18 and 2-19 calculated using 

the Separate Solutions Method (SSM). 

Host 2-17 2-18 2-19 

~ a +  0 0 0 

CS+ 1.76hO. 02 1.2640.01 1.8440.04 

K+ 1.12=k0.04 1.07*0.04 0.97k0.01 

1 NH~' 0.50=k0.04 0.04k0.01 0.4040.01 

I 

ca2+ -1.52*0.04 -1.2040.05 -1.1040.02 

M ~ ~ +  -2.03*0.02 -2.0640.01 -1.78+0.02 

~ i +  -1.0140.05 -1.03*0.02 -0.93&0.02 

+the interferant 
- 

specified. 
The Separate Solutions Method (SSM) was used where log 
al=!ogaJ=-2.0. Reprod~~cibility based on three ISEs. 



From the selectivity values in Table 2.5, it is clear that all three calixarene amide ISEs 

show caesium selectivity, log K being the largest for caesium in each case. The blank 

membrane also shows a preference for caesium as was seen in Figure 2.7. Due to 

caesium having the smallest charge to area ratio of all cations tested (hence most 

lipophilic), it is by default the most likely cation to show interaction with the 

hydrophobic PVC ISE membranes. 

By and large, the ionophores do not override the influence of the membrane ion- 

exchange salt, however 2-18 and 2-19 clearly resulted in ISEs showing an improved 

response towards sodium and calcium, which is interesting from a supramolecular point 

of view. In terms of sensor applications, ionophores yielding greater overall selectivity 

deviations from those caused by solvent effects are needed. 

The next step was to configure ISE membranes in order to establish the selectivity order 

of the three calix[4]arene amides towards anions. In this way it was hoped that the 

ionophores could induce a selectivity order deviating more significantly fiom that of a 

blank membrane. 

2.3.2 The ISE characteristics of calix[4]arene amides 2-1 7, 2-18 and 2-19 towards 
anions 
I S E  membranes were prepared with and without (blank) the specified ionophore as 

before but configured for anion analysis by using the appropriate ion exchange salt for 

all ISE membranes. Membranes were prepared and used according to the standard 

experimental procedure in outlined chapter 1.12. As an initial indication of the 

effectiveness of the ionophores, the response of blank and ionophore ISEs to log a -3.0 

aqueous solutions of the specified anion were compared as before. 

Figure 2.10 shows the result of initial screening of ionophore membranes compared to a 

blank to establish possible selectivity. 



Figure 2.10. The comparison of potentiometric responses of a blank membrane with 2- 
17, 2-18 and 2-19. The potential change is for the specified anion at activity log a -3.0 
compared to measurements in de-ionised water. The progression of potentials for 
bromide is highlighted in red. The ion exchange salt used was 
tridodecylmethylammoniurn chloride. 

The most dramatic difference to the blank response (significantly greater potential 

change) is the bromide response observed for the ISEs of 2-18. Compared to the blank 

response, the potential change for the ISE of 2-18 was about 70mV greater. Such a 

scenario was not observed for all other combinations of anion and ionophore. 

The bromide selectivity observed is in contrast to the thiocyanate selectivity of the 

blank as seen in Figure 2.10. This represents a clear deviation from the blank 

(Hofineister) order of selectivity. 

For 2-17, the response to most anions is suppressed by the ionophore but for chlorate it 

stays much the same compared to the blank resulting in overall chlorate selectivity. 

Similarly for 2-19, anion responses are generally suppressed except for nitrate and 

chlorate responses which show an increased potential change. The ISE is left C103- 

/NOs- selective. For all three ionophores, unlike in the case of cations, a clear deviation 

from the response order and selectivity of the blank (Hofineister order) is observed for 



anions. It is therefore concluded that this time, the ionophore dictates responses to ions 

instead of the membrane ion-exchange salt. 

ISE titrations were carried out in the range log a -6.0 to log a -1.0 for the entire series of 

anions. The reproducibility information from these curves in the form of error bars 

confirm that there is a clear improvement in response towards bromide observed for 2- 

18 as depicted in Figure 2.1 1. 

log a 

Figure 2.11. The comparison of bromide ISE titration curves of the blank with 
ionophore containing ISEs. Error bars give an indication of reproducibility (triplicate 
titrations). 

In order to explain the bromide selectivity of 2-18 further, molecular modelling was 

used to elucidate a possible mode of interaction for the complex. Energy minimised 

models were generated according to the procedure given in chapter 1.12. 



Figure 2.12. An energy minimised molecular model of a complex of 2-18 and a 
bromide anion. 

Due to its size (1 96pm), the bromide ion is unlikely to sit within the cavity of 2-18 as it 

is almost twice as big as a sodium ion, more commonly complexed within the lower rim 

cavities of calix[41arenes~~. This is supported by the energy minimised model in Figure 

2.12. Given that the upper rirnp-ally1 groups together with the three naphthyl groups on 

the lower rim must lend considerable rigid preorganisation and associated steric strain 

on the ionophore, the rearrangement to facilitate cavity inclusion of bromide is unlikely. 

A peripheral complex as depicted in Figure 2.12 is perhaps more likely. In such a 

scenario two arnide NH protons from 1,2-substituted lower rim appendages in 2-18 may 

orientate to form a complex with bromide. As the other ionophores only contain two 

1,3-substituted appendages, the same H-bonding possibilities are not available and so 

this mode of interaction cannot be observed. If in the absence of a cavity effect 

peripheral complexation dominates in the case of 2-18, then the influence of the 

naphthyl groups immediately proximal to the amide functional groups (no spacer) may 



be a significant means of providing some preorganisation or steric mechanism for 

discrimination between ions, explaining the bromide selectivity observed. 

Table 2.6 shows the formal selectivity coefficients (log KT:) calculated by the SSM 

method. Reproducibility characteristics of the ISEs are also given here. 

Host 2-17 2-18 2-19 

I- -0.41Zt0.12 -0.022~0.22 -0.07*0.12 

SCN- -0.06kO. 18 -0.52k0.10 -0.01*0.13 

~ 1 0 ~ -  0 -1.01*0.04 -0.02*0.05 

B i  -1.29~0.02 0 -0.68k0.01 

N03- -0.32Zt0.02 -0.73*0.02 0 

C1- -2.35Zt0.02 -1.40k0.22 -1.23*0.33 

~ 0 4 ~ -  -4.55Zt0.01 -4.64%0.13 -4.26k0.11 

AcO- -1.83k0.02 -3.09*0.19 -2.45kO. 17 

F- -2.88k0.01 -3.58%0.05 -2.97k0.06 

Note: I is the primary ion (log K=O) and J is the interferant 
specified. 
The Separate Solutions Method (SSM) was used where log 
al=logal=-3.0. RcproducibiIity based on three ISEs. 

Table 2.6. Selectivity Coefficients, log K?' ,  for 2-17, 2-18 and 2-19 calculated using 

the Separate Solutions Method (SSM). 

The selectivity values obtained further confirm the bromide selectivity observed for 2- 

18 but reminds us that there is some interference from iodide and other anions. 

Tables 2.7 - 2.9 reveal the slope values and observed linear ranges for 2-17, 2-18 and 2- 

19. 



Ton Range Slope 
[log a) (rnV/dccade) 

-3.0+-1.0 -45.4 

I-ve slope 

-4.0 t- I .O -32.7 

-5.64-1.0 -41 -2 

-5.64-1 .O -52 -2 

-5.64-1 .O -57.1 

- 5 . b - I  ,O -50.7 

- 5 . k - I  ,0 -5 1.3 

Table 2.7. Slope values for 1SE 2-17 for the indicated activity ranges. 

Tan Range Slopc 
(log a) (rnVJdecade) 

F- -4.04- 1 -0 -27.6 

CIO3' -5.64-1.0 -54.8 

NO< -5.6*-1.0 - 5 5 3  

SCN' -5-04-1.0 -55.3 

Table 2.8. Slope values for ISE 2-13 for the inclicated activity ranges. 



Ion Range Slope 
(log a) (mvldecade) 

Table 2.9. Slope values for ISE 2-19 for the indicated activity ranges. 

For heavily discriminated anions the linear response ranges are generally shorter, the 

LODs higher and some slopes are sub-Nernstian. Most results however showed good 

reproducibility and Nernstian slopes. Interestingly, 2-18 shows the only super- 

Nernstian response of 66.lmVldecade in Table 2.8, namely towards bromide over the 

linear range, indicative of a relatively strong interaction with the ISE membrane 

components. This is in agreement with previous data that shows that 2-18 is bromide 

selective. 

Bromine gas, Brz, and the more commonly encountered bromide ion Br- was amongst 

the last of the halogens d is~overed '~~.  Bromide appears to have no essential biological 

role in the body. A lOOmg dose of bromine can be fatal whereby only quantities above 

30g bromide are considered life threatening. Historically bromides were used as 

tranquilisers but served as depressants if used in excess. Bromides are most commonly 

encountered as organobromides. Dibromomethane was used until recently with leaded 

petrol in order to prevent harmful lead deposits within engines by releasing lead 

bromide as part of the emission mixture. Other organobromides include pesticides, fire 

extinguishing materials and pharmaceutical intermediates. Many applications are being 



ruled out due to the association of organohalogens with ozone depletion. 

Organobromides remain popular as synthetic intermediates as the bromide ion is a good 

leaving group in S N ~  nucleophilic displacement and bond forming reactions for 

example. 

2.4 CONCLUSIONS 
As was illustrated in the introduction, the use of potentiometric ISEs built on calixarene 

amides has been confined to cation sensing in the literature. From the results of testing 

of amides 2-17, 2-18 and 2-19 a modest improvement of response towards sodium and 

calcium was observed for 2-18 and 2-19, but no significant change in response order of 

a series of cations compared to a blank membrane was realised. The overall selectivity 

orders observed appear to be largely driven and dictated by cation lipophilicity and not 

the ionophore. Typically, a strong sodium/cation response is expected for ISEs based 

on calix[4]arene a m i d e ~ ~ ~ .  Probably due to the structural features of the ainides tested, 

namely less than 4 lower rim substituents, bullcy naphthyls proximal to amide functional 

groups and non t-butyl upper rim substituents, this 'default' response was not observed. 

Conversely, when configured for anion analysis, the ISEs built on 2-17, 2-18 and 2-19 

revealed bromide selectivity for 2-18 and a change in response order compared to a 

blank membrane. This result is particularly encouraging as it represents a definite 

deviation from a Hofmeister controlled response. The current study is amongst the first 

reported to use potentiometry to investigate calixarene amide responses towards anions. 

Further novelty is realised by testing each ionophore for both cation and anion 

responses, thereby increasing the possiblility of discovering a selectivity 'hit'. 

Molecular models were used to relate observed analytical data with co~nplex structures. 

I H NMR data and molecular models predicted a cone conformation in all cases for the 

hosts. Molecular models suggested a cavity inclusion coinplex for 2-18 with 



calcium(I1) or sodium(I), suggesting a mode of binding akin to the well known 

tetraester sodium selective systems. This is a reasonable observation as both are based 

on the appropriately sized calix[4]arene backbone. Conversely, a peripheral binding 

mode between the cavity of 2-18 and the larger bromide may be preferred. 

The strong interference from iodide in particular perhaps precludes the direct use of 2- 

18 in a real life bromide sensor where such an interferant is anticipated, but is 

encouraging to the synthetic chemist who can perform structural modifications to 

improve on the observed selectivity. Using 2-18 as a basis, several structural changes 

could be investigated. As anions are generally larger than isoelectronic cations, the use 

of the upper calixarene rim for attachment of amide groups would provide much 

enlarged cavities. Alternatively, longer spacers between the lower rim phenoxy 

oxygens and the amide groups (currently methyl spacers) may have a similar effect. 

Increasing the number of amide appendages to a maximum of four would allow for 

more possibilities of H-bonding with anions, but as a word of caution, may also increase 

the competition to complexation from inter and intramolecular H-bonding. Changing 

the bulky naphthyl groups proximal to the amide functional groups for other aliphatic 

and aromatic groups may also modify selectivities. Furthermore, spacers of varying 

length between the amide NH and such groups would moderate their steric influence 

and alter the ionophores complexation ability. In all cases a careful balance between 

overall analyte affinity and selectivity must be maintained. 



3. Chapter 3 Urea Calixarenes 

3.1 ABSTRACT 
The synthesis of di-urea calix[4]arenes 3-1 and 3-2 is described. These hosts are 

incorporated into potentiometric ISEs in turn configured for cation and anion analysis. 

In all cases potentiometric results were compared to ionophore free blank membranes. 

No significantly improved response was observed towards cations and the selectivity 

order remained the same as for the blank. A strong general improvement in anion 

response was observed for the hosts, however a Hofmeister selectivity order was 

observed, similar to the blank membrane. Changing the membrane pre-exposure regime 

for 3-1 revealed that the magnitude of response towards certain anions could be 

modulated but the selectivity order remained broadly the same. A considerable margin 

of nitrate selectivity over chloride was observed for 3-1, suggesting this ionophore may 

be of use in nitrate selective electrodes. 

This chapter highlights the challenges of transferring functioning sensing regimes from 

non-aqueous to aqueous media. 

3.2 INTRODUCTION 
The general theme of anion recognition is introduced in chapter 1.8. In this context, 

chapter 1.9 goes on to explain that urea and thiourea functional groups are functional 

groups of choice for incorporation into various supramolecular platforms to yield anion 

selective hosts. These neutral hosts, including calixarenes, provide effective highly 

directional hydrogen bonds (2 per urea) for complex formation with anions. The urea or 

thiourea groups within the host's cavity is arranged to accommodate target anions 

according to their size and geometries. 



Furthermore, in analogy to the amides described in chapter 2, urea functionality may 

also be viewed as a dual-functional group. In addition to the two NH hydrogen bonds 

available per urea for anion complexation by H-bonding, it is conceivable that the urea 

carbonyl group may engage in electrostatic ion-dipole interactions with cations by their 

localised negative charge, in a similar way to neutral amide or ester functional groups. 

It is the intention of this chapter to investigate this dual-use functionality. Depending 

on the choice of ion-exchange salt, a potentiometric ISE can be configured for either 

cation or anion response. This is the same approach as applied in chapter 2 for a series 

of amide calixarenes. Figure 3.1 shows a molecular model of the simple urea, propyl 

phenyl urea, with emphasis on the partial charges of the molecule, whose atoms are 

sized and coloured according to charge type and magnitude to illustrate the above point. 

Figure 3.1. The energy minimised model of propyl phenyl urea. Atoms are scaled in 
size and coloured according to the magnitude and type of Hiickel partial charges. Urea 
oxygen is positive (blue) and urea hydrogens are negative (red). 

There are few literature examples of ISEs based on urea calixarenes showing selectivity 

for particular anions and none, to the best of our knowledge, investigating cation 

complexation. A di-phenyl (thio)urea calix[4]arene showing carbonate selectivity was 

recently described by Lee and coworkers74. There was considerable interference from I' 

and ClOi and the LOD was high at around 1 0 * ~ .  Furthermore, buffered sample 

solutions were used. Adding to the list of adversities is the absence of any ion exchange 

salt additives added to the membrane cocktails. It has been demonstrated elsewhere that 



ISEs cannot function well without these additives or impurities that fulfil the same role. 

Such ISEs were shown to manifest concentration independent behavior'22. Other non- 

calixarene urea based potentiometric sensors for anions were reported. There are 

examples of chloride146, sulfate'47 and hydrogen sulfite selective systems148. A rare 

example of a urea based system used for potentiometric cation detection (heavy metals) 

was reported by Garcia and  coworker^'^^. 

Reports of generally modest success are typical in the field of potentiometric analysis of 

anions compared to the far more appealing results and selectivities obtained for cation 

selective systems. It is perhaps no surprise therefore, that in analogy to amide based 

anion hosts (chapter 2), the most frequently occurring methods for investigating urea- 

anion complexation revolve around non-aqueous methods based on NMR and UVIVis, 

where competing solvent effects are less prominent. 

The synthesis and characteristics of a number of such urea calix[4]arene hosts is 

described in this chapter. Diurea calix[4]arene hosts 3-1 and 3-2 were synthesised and 

their ability to complex both anions and cations was investigated by potentiometric 

methods. Based on the results of these experiments, ISE results for urea calix[4]arene 

4-3 are discussed as a comparison. 4-3 has the benefit of a fluorescent optical mode of 

transduction in addition to potentiometric transduction. Having demonstrated definite 

chloride selectivity by optical transduction in non-aqueous media (chapter 4), an attempt 

is made to replicate this selectivity using potentiometry. From this work conclusions 

are drawn as to the choice of method(s) for investigating ion complexation in general 

and proposals for future work are made based on the current systems. 



3.3 RESULTS AND DISCUSSION 

3.3.1 Synthesis 
The synthesis of diurea calix[4]arenes 3-1 and 3-2 was performed according to Scheme 

Scheme 3.1. The synthesis of diurea calix[4]arenes 3-1 and 3-2. 

(1 

CoCI,, NaBH,, MeOH 

(2) 

phenyl isocyanate, CH2C12 

HN NH 

Step 1 took 48 hours and involved the initial reduction of the di-nitrile calix[4]arenes 

with N a B h  and CoCl2 to di-amines, followed in step 2 by coupling with phenyl 

isocyanate over 12 hours to yield the target compounds. Both steps were conducted at 

room temperature under argon. 

The synthesis of diurea calix[4]arenes 3-1 and 3-2 proceeded successfully. The final 

yields for these targets were 5.8% and 7.9% respectively. These rather low yields 

reflect some advanced degree of preorganisation, which through steric factors may 

suppress overall yields somewhat. 

The synthesis was loosely based on a synthesis by Reinhoudt, who synthesised similar 

phenyl diurea calix[4]arenes and a symmetrically substituted tetra-phenylurea 

calix[4]arene with four butyl spacers between the urea functional groups and the 

calixarene phenoxy o ~ ~ ~ e n s ' ~ ~ .  Reinhoudt obtained yields of 35% and 40% for the 



diurea and tetraurea respectively. Attempts to synthesise 3-3, a tetraurea calix[4]arene 

with pendant lower rim groups of varying length arranged as seen in Scheme 3.2 failed. 

The synthetic procedure followed that of 3-1 and 3-2 as closely as possible. Host 3-3 

would have its urea functional groups arranged in a way that may provide ideal 

geometric complimentarity for tetrahedral anionic guests such as sulphate or phosphate. 

The dramatic differences in yield and reaction success discussed above attest to the 

major influence of apparently modest structural tuning of supramolecular structures. 

Scheme 3.2. The attempted synthesis of 3-3, an asymmetrically substituted tetra-urea 
calix[4]arene. 

(1) 

CoCI,, NaBH4, MeOH - 
(2) 

phenyl isocyanate, CH2CI2 

3-3 

In addition to the influence on synthetic yields, it is clear that changes, however subtle, 

in preorganisation of elaborate supramolecular host structures can dramatically alter the 

analytical characteristics of these compounds. This also applies to the preorganisation 

of calix[4]arene type hosts where altering appendage length, number and symmetry can 

profoundly affect the selectivity manifested by the target compounds. Besides 

preorganisation and guest complementarity, factors like the degree of inter and 

intramolecular H-bonding of the uncomplexed urea host will be affected and of course 

the solvent effects pertaining to the compounds can all cumulatively generate diverse 

and surprising selectivity patterns. 



3.3.2 C~~t ion  flnaQsi.r wit12 IS& #f di-rrren cnIix/Q~ccre~res 3-1 find 3-2 
TSE membranes were prepared with and without (blank) the specified ionophore. The 

response of blank and ionophore TSEs in log a -2.0 aqueous solutions of the specified 

cation were compared. Figure 3.2 shows any deviations in response as a result of the 

presence of ionophore. 

@I 

Figure 3.2. The comparison of potentiometric responses of a blank membrane with a) 
3-1 b) 3-2. The potential change is for the specified anion at activity log a -2.0 
compared to the response in de-ionised water. 
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It can be seen that no general or specific increase in affinity towards cations is observed 

(increased potential change compared to a blank membrane). Furthermore there is no 

dramatic change in selectivity order compared to a blank membrane. 

Table 3.1 reveals the formal selectivity coefficients (log K z'+J ) calculated for 3-1 and 

3-2 and confirms that ISE membrane interaction and selectivity order is dominated by 

cation size (Table 1.3) and associated solvent effects overriding any ionophore 

influence. This gives the Hofmeister response order. 

1 -34a0.29 1.63a0.06 

0.28Zt0.30 0.643t0.05 

-0.14+0.30 0.19*0.06 

-2.97k0.85 -1.95Zt0.07 

-2.63*0.25 -2.29Zt0.04 

- 1.52*0.22 -0.89h0.03 

Note: I is the primary ion ~ a *  and J is the interferant 

The Separate Solutions Method (SSM) was used where log 
aI=logaJ=-2.0. Reproducibility based on three ISEs. 

Table 3.1. Selectivity Coefficients, log K rt,J , for 3-1 and 3-2 calculated using the 

Separate Solutions Method (SSM). 

The response slopes of the urea calixarene ISEs confirms a generally poor interaction 

with cations as sub-Nernstian responses are observed in all cases (Table 3.2 and 3.3). 



Range Slope Ion (log a) (rnV/decade) 
CS' -4,0+- 1 .O +-49.2 

K' -4.04-1.0 +47.6 

' NH$ -4.0+- 1,O +47.3 

~ a *  -4.0-4-1 ,O +44.8 

~ i '  -3.04-1 ,O +25.6 

c2+ -4 .o+- 1.0 +17.1 

M ~ Z *  4.O+-1 .O +6.8 

Ta1>3e 3.2. Slope values for ISE 3-1 for the indicated activity ranges. 

Range Slopc Ion (log a) (mvldccade) 

CS* -4.04-1.0 i-48.4 

K' -4.04-1 ,O 

NI-I: -4.0+-1,O 

F4a4 -4.04- 1 .Q 

~ i *  -3.04-1.0 

ca2" -4.O+-1 .O 

M ~ ~ '  -4.0+- 1.0 

Table 3.3. S!ope values for ISE 3-2 for the indicated activity ranges. 

3.3.3 Anion anrrlysis with ISE.r of di-uretr caIix[4]~rcnes -7- I nnd 3-2 
ISE membranes were preparcd for 3-1 and 3-2, configured for anion analysis. As an 

initial indication of the efFectiveness of the ionophores for anion analysis, the response 

o f  blank and ionophore TSEs in log a -3.0 aqueous solutions of the specified anion were 

compared, Figure 3.3 shows tlie results of this experiment, 
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For both 3-1 and 3-2, a strong enhancement of response is observed towards all anions 

in general, without a significant change in selectivity order with the exception of 3-1 

showing an improved response towards ~ 0 ~ ~ -  and a deviation from the response order 

of the blank as seen in Figure 3.3a. 
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An exception to the generally enhanced anion responses is the case of 3-1, where there 

is no improved response for chloride or smaller anions. It is interesting to note that the 

membranes were generally preconditioned in chloride solutions prior to ISE analysis, 

according to the standard ISE experimental procedure described in chapter 1.12. The 

choice of conditioning salt can have an effect on the responses of ISEs. Indeed, the use 

of a highly discriminated ion for conditioning the membranes can result in an enhanced 

response for the primary analyte and improved limits of detection, provided the 

membranes have not been in contact with any other ions previously22. This effect is not 

observed for a second or subsequent exposure to primary analyte ions. This strategy is 

sometimes used for optimising selectivities and LODs for ISEs. In the case where 3-1 

is preconditioned with chloride a certain amount of preloading of the membrane with 

chloride ions occurs. Despite immersion in de-ionised water prior to ISE analysis, some 

of the chloride ions may have remained complexed to the ionophore within the 

membrane. This is indicative of strong affinity towards the anion by the ionophore, 

with the result of poor sensor reversibility. 

The net effect of this is the observation that for 3-1 conditioned in chloride solutions, 

the response to chloride and the less lipophilic anions in the Hofmeister series (chapter 

1.8) is generally reduced. These anions, due to their position within the Hofmeister 

series relative to chloride, cannot effectively displace chloride ions as they are less 

likely to interact with the ISE membrane. The exception appears to be sulfate, which is 

a doubly charged anion of high basicity, showing some improved response compared to 

a blank membrane from Figure 3.2a. Conversely, the more lipophilic members of the 

Hofmeister series succeed in displacing the chloride anions within the ISE membrane of 

3-1. This is clearly visible in Figure 3.2a, represented by a strong improvement in 

response compared to a blank membrane. 



To further support this hypothesis, the ISE analysis using 3-1 is repeated using the least 

lipophilic anion present, fluoride, as the conditioning anion prior to analysis. For this 

experiment, 0.01M NaF is used as conditioning and filling solution of the working 

electrode. The ISE analysis is then repeated for selected anions and the results are also 

shown in Figure 3.3a. It is clear that the responses of all anions are enhanced in this 

way. In particular, the anions that previously showed no improved response compared 

to the blank, now show a strongly enhanced response. The reasoning behind this 

observation is that fluoride conditioning ions are easily displaced from the membrane 

phase by the more lipophilic members of the Hofmeister series. 

The changing of conditioning salts (and other sensor parameters) may be used as a tool 

to modify the response of an ISE, but in this case the response and selectivity order was 

not changed greatly. Of course the most dramatic and permanent impact on selectivity 

comes from structural modifications of the ionophore itself. 

Interestingly, the choice of conditioning salt did not affect 3-2 to the same extent as 3-1. 

This is apparent in Figure 3.3b, where the response towards all anions is increased by 

more or less the same magnitude with the general chloride conditioning regime. This 

may indicate that the overall affinity for anions is greater for 3-1 than 3-2, lower 

complexation constants being the best explanation for the better reversibility observed 

for 3-2. 

To further rationalise the stronger affinity (more dependant on conditioning salt) of 3-1 

to anions than 3-2 (more independent of choice of conditioning salt), ISE data obtained 

is discussed in terms of the structural characteristics and differences between the two 

ionophores. Both 3-1 and 3-2 are locked into a cone conformation by upper rim t-butyl 

groups. This was initially revealed by the presence of the signature doublet pairs for the 

annulus methylene protons, indicative of a calix[4]arene cone conformation (see chapter 



1.10 and chapter 3.5 experimental), from the 'H NMR spectra of 3-1 and 3-281. The 

only difference between the two ionophores (Scheme 3.1) is the length of the spacers 

between the calixarene's lower rim and the urea substituents. 3-1 has a longer butylene 

spacer compared to the ethylene spacer of 3-2. This confers greater flexibility on a 

larger lower rim cavity for 3-1. With this greater freedom, there is reduced 

preorganisation and steric discrimination within the lower rim cavity. This allows the 

urea protons greater flexibility to orientate optimally with a greater variety of anion 

sizes and geometries. The net effect may be a more general, less selective response 

towards anions and the potential for larger complexation constants (worse reversibility). 

Figure 3.4 shows an energy rninimised model of 3-1 incorporating a chloride anion. 

The large flexible lower rim cavity is apparent from the molecular model. 

Figure 3.4. An energy minimised molecular model of a complex of 3-1 and a chloride 
anion. 



The slopes of the linear response ranges for the ISEs of 3-1 and 3-2 are presented in 

Tables 3.4 and 3.5 for the titrations carried out. 
- 

Range p Slope* 
Ion (log a) (mvldecade) (log a) (mvldecade) 
F- -3.04-1.0 -36.4 -4.O+-1 .O -62.6 

AcO- -3.0+-1.0 -47.6 -5.O+-1 .O -52.8 

~ 0 ~ ~ -  -5.6-+-1.0 -27.7 -5.6+-1 .O -59.6 

C1- -5.O-t-1 .O -5 1.9 -5.6+-1 .O -71.9 

Br- -5.6+-1.0 -81.6 

I- -5.O+-1 .O -75.1 -5.0+-1.0 -82.2 

C103- -5.O+-1 .O -66.1 

NO3- -5.6+-1.0 -76.7 

SCN- -5.0+-1.0 -66.6 

'ISE membranes conditioned in F- prior to titrations. 

Table 3.4. Slope values for ISE 3-1 for the indicated activity ranges. 

Range Slope Ion (log a) (mvldecade) 

F- -5.6+-1.0 -38.9 

AcO- -5.0+-1.0 -65.8 

~ 0 ~ ~ -  -5.O+-1 .O -50.0 

C1- -5.6-+-1.0 -68.6 

B i  -5.6+-1.0 -79.4 

I- -5.O+-1 .O -75.0 

C103- -5.O+-1 .O -74.3 

NO3- -5.6+-1.0 -79.0 

SCN- -5.0+-1 .O -68.1 

Table 3.5. Slope values for ISE 3-2 for the indicated activity ranges. 

The slope values in Table 3.4 refer to those obtained using the standard chloride 

conditioning regime unless stated otherwise. Of note are the sub-Nernstian response 

slopes obtained for 3-1 to chloride, fluoride and acetate. These slopes are in agreement 



with the generally poor responses observed for these anions, in that no improved 

response to a blank membrane (Figure 3.3a) was noted (no apparent ionophore 

influence). However, when conditioning is performed with fluoride, thus avoiding the 

chloride preloading of membranes and the resultant suppressed sensitivity, responses 

generally started at lower concentrations and dramatically increased slopes were 

observed (Table 3.4). This coincided with a marked improvement in responses 

compared to a blank membrane as seen in Figure 3.3a. 

All the slope values obtained are super-Nernstian for 3-2, further supporting the theory 

of a generally strong anion affinity with little selectivity and independence from choice 

of conditioning salt. 

Table 3.6 shows the formal selectivity coefficients (log K Y ' )  for 3-1 and 3-2 as 

calculated by the SSM. 

Host 3-1 3-2 

I- 3.56k0.04 2.442C0.16 

S CN' 4.1 13~0.05 2.77410.05 

c103- 3.07k0.04 1.25zt0.06 

Br- 3.3k0.05 1 S8k0.23 

N03- 3.412C0.06 1.44*0. 19 

c1- 0 0 

~ 0 4 ~ -  -1.72zt0.02 -2.442C0.18 

AGO- -1.152C0.01 -1.20*0.05 

F- -1.56+0.01 -1.53*0.08 

Note: I is the primary ion C1- and J is the interferant 
specified. 
The Separate Solutions Method (SSM) was used where log 
ar=logaJ=-3.0. Reproducibility based on three ISEs. 

Table 3.6. Selectivity Coefficients, log KyJ ,  for 3-1 and 3-2 calculated using the 

Separate Solutions Method (SSM). 



Table 3.6 confirms that selectivity order more or less follows the Hofmeister order of 

response for both ionophores. 

3.3.4 ISE characteristics of 3-1 and 3-2 andproposed further strategy 

In general, ionophores 3-1 and 3-2 bind all anions strongly, manifested by potential 

changes of increased magnitude when compared to the blank. These potential changes 

are such that the response order of anions and hence selectivity is more or less the same 

as a blank membrane. This response order is related to the Hofmeister series and anion 

basicity. 

It is clear that in future work, the anion affinity must be maintained or even reduced 

whilst increasing the preorganisation of ionophores and hence improving their ability to 

discriminate more between anions by steric means. 

One aspect of the results for future consideration is the use of 3-1 applied in nitrate 

selective electrodes. Existing commercial nitrate ISEs are largely based 011 ion- 

exchange salts only, which, like the calix[4]arene based ISEs in this chapter, show 

selectivity based on the Hofmeister series. Strictly speaking these ISEs are not nitrate 

selective but rely on the margin of selectivity of nitrate over chloride, the most 

prominent interferant of nitrate in freshwater samples. These sensors are used in the 

context that anions higher (of greater or similar lipophilicity as nitrate) in the 

Hofmeister series like bromide, iodide and thiocyanate, due to their absence or 

negligible presence in typical freshwater samples, are not considered major interferants 

for nitrate anaylis. The margin of selectivity between nitrate and chloride for 3-1 

(Figure 3.3a) appears favourable compared to some commercially available nitrate 

ISEs'5','52 . This will be investigated in future research. 



3.3.5 Improving selectivity: Term-urea ca1ixl;bJnrene 4-3 with ndifiotmt opticnl 
trc~nsducfion 
In light of tlie results obtained for calix[4]arene ureas 3-1 and 3-2, two strategies were 

pursued, using these ianophores as a basis for comparison, to achieve selective anion 

sensing. 

lanophore 4-3 (Figure 3.5) embodies these strategies. 

2. Using addiliunal, alfenmlirle modes of fmn.sducrion. 

The syntllesis of the 1,3-alternate structure of tetra-urea cal ix~Jarene 4-3 is described in 

chapter 4, 

Figure 3.5. The 1,3-alternate conformation of tetra-urea calix[4]arene 4-3. 



I. Structural changes of the calixarene urea ionophores. 

Host 4-3 contains two separate cavities for anion detection within a 1,3-alternate 

structure. The intention from the synthesis of 4-3 was not to achieve a tetrasubstituted 

calixarene in the cone conformation, hence the de-tert-butylated clixa[4]arene starting 

material was chosen. The reason for this is that the anion binding ability of a cavity 

with only two urea groups has proven sufficient. The universally strong anion affinities 

of 3-1 and 3-2, super-Nernstian slopes and extensive response ranges demonstrated this. 

Conversely, the presence of four instead of two urea groups within the same 

calix[4]arene cavity have been shown to lead to a decrease in selectivity and 

complexation constants as shown by ~ e i n h o u d t ' ~ ~ .  This was thought to be due to 

increased competition to anion binding from inter and intramolecular H-bonding of the 

ureas. In this light, 4-3 represents an ionophore with two distinct cavities, each 

containing two urea functional groups. 

The alkyl spacer between the calixarene phenoxy oxygens and the urea functional 

groups was shortened to an ethylene compared to the butylene spacer of 3-1. It was 

hoped that the choice of the shorter spacer would decrease the cavity dimensions whilst 

increasing steric preorganisation thus leading to better selectivity patterns compared to 

3-1, which had a large flexible cavity thought to be responsible for the somewhat 

general anion affinity observed. 

The nature of substituents proximal to a calixarenes co~nplexing functionality was 

studied extensively in the literature, and was shown to have a strong bearing on ion 

affinities and selectivities as was discussed in chapter 2.2, particularly in terms of 

bulkiness and steric influence. For calixarene amides 2-18 and 2-19, the naphthyl 

groups positioned directly next to ainide functional groups may have contributed to the 

generally subtle ion binding observed by providing a steric barrier to unimpaired ion 



association. Although the pyrene moieties of 4-3 are considerably larger than 

naphthyls, their steric influence on the complex formation ability of the nearby urea 

groups is thought to be relieved somewhat by the presence of an additional methylene 

spacer. It was hoped that some selectivity could be introduced in this way whilst 

avoiding a complete suppression in response to guest ions. 

2. An alternative mode of transduction. 

The pyrene moieties also have the role of conferring an optical mode of transduction on 

ionophore. 4-3. 

In chapter 4 the selectivity and binding affinity of 4-3 towards a series of anions is 

investigated. To this end, the ratiometric fluorescence properties of 4-3 and a non- 

aqueous titration medium were used. This represented a radical alternative to an 

aqueous based electrochemical transduction approach. In this way, the unambiguous 

virtually exclusive chloride selectivity of 4-3 was established. 

4-3 was incorporated into an ISE to see if the chloride selectivity observed optically 

could be replicated electrochemically. This attempt is discussed below. 

3.3.6 Anion analysis with an ISE of tetra-urea calix[4]arenes 4-3 
For casting the ISE membranes an alternative anion exchange salt was used. The alkyl 

ammonium iodide salt was use instead of the standard chloride salt. As 4-3 was found 

to be chloride selective by optical transduction, the interference of chloride from within 

the membrane cocktail was thus avoided. The possible interference from iodide was 

considered unlikely from fluorescence investigations where no change in optical signal 

was caused by iodide (chapter 4). A 'H NMR study also reached the same conclusion 

that iodide, unlike chloride, did not appear to cause a change in chemical shift of the 

urea protons on exposure to a large excess of iodide ions (chapter 4.3.3). For 



conditioning ISE membranes and for internal filling solutions of working ISEs, a 0.01M 

solution of NaI was used instead of the usual 0.01M NaCI. 

The ISEs of 4-3 were initially compared to a blank membrane response, when exposed 

separately to a series on anions at log a -3.0. Figure 3.6 shows the results of this study. 

Figure 3.6. The comparison of potentiometric responses of a blank membrane 
compared with an ISE additionally including 4-3. The potential change is for the 
specified anions at activity log a -3.0 compared to the response in de-ionised water. 

Surprisingly, no improvement signified by increased potential change, is observed for 4- 

3 for any anion, including chloride. Table 3.7 shows the formal selectivity coefficients 

(log K ,P": ) as calculated by the SSM for 4-3. 

50 - 
s 0 -  
w 40- 
Q) p -400 - 
s 
0 -160 - 
IA = -200 - LO 

-250 - 

am - 

'H,PO' 

LIl..-----. 
so+ _ r :  a ., ,- > - ,  

ACO;, -- - - '.- ? L e a  
* - 

kip@Z- .+ + * - - *  
CI' > - -  

=P;* 
_ _ " b " *  

_ Y  --I 

* - * - - * - - -  

HOI.* 

.- - 
" - / -  

"CH", _,. d 

I- c* 

350 - Blank lonaphors 

log a 3.0 



Host 4-3 

1- -0.21*0.01 

S CN- 0 

ClO3- -1.4940.02 

B i -2.3 1*0.01 

NOs- -2.09h0.01 

C1- -3.24k0.01 

SO:- -5.92*0.01 

AcO- -4.25k0.01 

F' -4.34k0.00 

H2POi -4.64k0.01 

~~042- -5.59*0.02 

(H) C1- -3.48k0.02 

OH- -2.4040.07 

Note: I is the primary ion SCN- and J is the interferant 
specified. 
The Separate Solutions Method (SSM) was used where log 
aI=logaJ=-3.0. Reproducibility based on three ISEs. 

Table 3.7. Selectivity Coefficients, log K T '  , for 4-3 calculated using the Separate 

Solutions Method (SSM). 

The selectivity order follows the Hofmeister order of response. As an anecdote, 

titrations with NaOH and HC1 revealed little interference pointing to a negligible pH 

sensitivity of the ISE. 

This result clearly illustrates the difficulty with aqueous based ion detection methods. 

The chloride selectivity observed optically for 4-3 in chapter 4 could not readily be 

replicated by ISE analysis. It must be noted that the association constant calculated for 

4-3 using fluorescence methods was of the order which is quite low but typical 

for anion analysis. 150 equivalents of C1' were required before there was no more 

optical signal change. 



The general improved anion response compared to a blank observed for 3-1 and 3-2 

was not seen for 4-3. This may be due to factors that compete with the anion binding of 

4-3 as previously suggested by the low chloride complexation constant observed. The 

chloride selectivity was most liltely overshadowed by strong solvent effects associated 

with aqueous-membrane techniques such as potentiometry, whereby a Hofmeister order 

of selectivity is observed. 

It is clear that a practical sensor based on 4-3 must rely on a compromise between the 

practical requirements of a sensor and the inherent consequences of aqueous based 

sensing and associated solvent effects. An optical transduction mode appears more 

useful for 4-3. This is so because the analytical signal is solely dictated by an 

ionophoric phenomenon (the conformational stackinglunstacking of pyrenes, discussed 

in detail in chapter 4). 

Although the magnitude of the optical chloride selectivity observed for 4-3 may be 

influenced by solvent effects and anion basicity, the fundamental presence or absence of 

the analytical signal is largely independent of these influences. This circumnavigates 

any mode of analyte-sensor interaction not causing changes in optical properties of the 

ionophore, which would simply not be detected. 

Conversely, in potentiometry, the sensor's analytical signal cannot be assigned 

unambiguously to only an ionophoric phenomenon. The potentiometric signal is in fact 

generated by a broader range of sensor components which cumulatively determine the 

analyte distribution equilibrium between the aqueous sample and the ISE membrane 

surface2'. Besides the ionophore, the ion exchange salt and membrane plasticizer 

polarity for example have a large bearing on the observed signal. 

For an optical mode of transduction there is of course the possibility of guest complex 

formation which does not perturb the optical signal generated by the sensor host. For 



example if one postulated a peripheral mode of guest binding by 4-3, this may not result 

in the necessary un-stacking of the pyrene moieties present and so the complexation 

event would not be detected by the analyst. 

Ultimately, the exact mechanism generating the analytical signal is inconsequent to the 

functioning chemical sensor, where the net observed analytical signal is paramount. 

3.4 CONCLUSIONS 
Using potentiometric ISEs, di-urea calix[4]arenes 3-1 and 3-2 did not reveal an 

improved response towards cations compared to a blank ISE membrane. Conversely, a 

strong affinity towards anions was observed, without significant deviation from a 

Hofmeister (blank) series of response. These results confirmed that urea functional 

groups are more suitable for anion complexation by H-bonding and show weaker 

electrostatic cation complexing ability via the urea carbonyl lone pairs than esters or 

amides for example. The magnitude but not the order of responses could be modulated 

somewhat by choice of ISE conditioning and filling solution as shown in the case of 3- 

1. Due to a good margin of nitrate selectivity over chloride achieved by 3-1, this 

ionophore may have some potential in a nitrate selective ISE. 

Tetra-urea calix[4]arene 4-3, which had revealed unambiguous chloride selectivity in 

non-aqueous media, albeit with a low binding constant of 1 0 ~ 1 ~ 1 - l  in chapter 4, did not 

reveal an improved response towards any anions including chloride using ISEs. This 

revealed the potent effect of host structural tuning on sensor properties, when compared 

to 3-1 and 3-2. Notably however, the results also demonstrated the general difficulty of 

replicating non-aqueous anion complexation phenomena in aqueous media. For all 

aqueous based ISE measurements, the response orders mirrored those of a blank 



membrane, indicative of selectivity dominated by solvent effects and the Hofmeister 

series. 

It is clear that the choice of transduction mode for analyte detection of an ionophore can 

introduce an inherent selectivity bias, particularly where aqueous sample phases are 

involved. Conversely, aqueous based methods may have more potential for real life 

applications, such as in water based environmental and clinical sensing. 

In conclusion then, the use of more than one transduction mode is strongly 

recommended when developing new analyte recognition systems. This multifaceted 

approach gives vital information to the developer of sensors regarding molecular 

structural changes that may improve host selectivity in addition to highlighting the 

challenges of translating such useful phenomenon at the molecular level into practically 

useful sensing device. 

Future development work on ionophores like 4-3, could involve immobilisation into a 

lipophilic membrane by mixing or covalent attachment onto a sensor substrate. In this 

way the repeated and reversible analysis of  water based samples could be carried out. A 

key feature for such a device could be the use of spectrofluorimetry as an alternative to 

electrochemical transduction, to reveal more specific, ionophore driven complexation 

events. For example the use of LED technology could be applied as a source and 

detector of electromagnetic radiation, as recently developed in our group, offers many 

153-155 practical advantages in this regard . 

3.5 EXPERIMENTAL 
The general procedure for assembling ISEs and using these for data acquisition is 

outlined in chapter 1.12. A deviation from these methods is the preparation of ISE 

membranes incorporating 4-3, where the alkyl ammonium iodide exchange salt was use 



instead of the chloride salt. ISEs of 4-3 were conditioned and filled with 0.0lM NaI 

instead of NaC1. 

5,11,17,23-Tetra-p-tert-butyl-25,27-bis[[(N~-phenylureido)butyl]oxy]-26,28- 

dibutoxycalix[4]arene (3-1). CoC12.6HzO (0.64g, 2.7mmol) was heated at 200°C for 

20 minutes to produce blue dehydrated CoC12. This was stirred under argon in 7ml 

MeOH for 15 minutes. Calix[4]arene 5-4 (0.3g, 0.34mmol) was added to the 

suspension. 5 x O.lg batches of NaB& (0.5g, 13.4mmol) were added on an hourly 

basis and the mixture stirred at room temperature for 24 hours. NaBH4 (0.5g, 

13.4mmol) was added batchwise again and the mixture left for a further 24 hours. 20ml 

of CH2C12 were added and 3M HCI until the suspended black solid was largely 

dissolved. 25% NH3 was added until the solution turned basic. The solution was 

extracted with CH2CI2 (3 x 20ml). The combined organic layers were washed with 

201111 water and 20ml brine and dried with Na2S04. Upon evaporation of the solvent, 

O.lg of an oily solid remained. This was placed into 2ml chloroform and phenyl 

isocyanate added (60~1, 0.55mmol). The resulting clear brown solution was left stirring 

under argon for 12 hours. Into the clear green solution, 3ml water was added to give a 

brown emulsion. The organic layer was extracted with chloroform (3 x lOml), washed 

with water (10ml) and brine (1Oml) followed by dring with Na2S04. O.lg of a brown oil 

remained. LC-MS analysis of the product revealed this crude to consist of 37.6% 3-1. 

22.7mg of a white solid were recovered by SP-HPLC, representing an LC recovery 

yield of 60.4% and an overall yield of 5.8% 3-1. The SP-HPLC purification and 

isolation method used is described in detail in chapter 6. mp: 245-247 OC. IR (IU3r): 

3338, 1645cm-'. 1H NMR (400MHz, CDCI3): 6 7.61 (m, 2 H, Arm,  7.15 (d, 4 H, 

A r m ,  7.09 (s, 4 H, Arm,  6.09 (m, 4 H, Arm,  6.42 (m, 4 H, A r m ,  5.72 (s, 2 H, 

ArNHCO), 5.65 (t, 2 H, CONHCH2), 4.33 and 3.10 (ABq, 8 H, ArCH2Ar, J=12.4), 3.94 



(t, 4 H, CH3(CH2)2CH20Ar), 3.80 (t, 4 H, NH(CH2)3CH20Ar), 3.64 (m, 4 H, NHCH2), 

3.39 (m, 4 H, NHCH2CH2), 1.99 (m, 4 H, NH(CH2)2CH2), 1.8 1 (m, 4 H, CH3CH2CH2), 

1.45 (m, 4 H, CH3CH2), 1.29 (s, 18 H, c-butyl), 0.90 (t, 6 H, CH3CH2), 0.82 (s, 18 H, t- 

butyl). I3c NMR (SOMHz, CDC13): 151.2, 142.3, 132.5, 127.2, 117.3, 106.3, 105.1, 

97.1, 64.1, 32.1, 29.8, 23.1, 22.4, 18.6, 16.2 ppm. ESI MS +m/e 1163.8 ( [ M + N ~ + ] ,  

calcd 1163.8). HPLC purity: 98.1%. 

5,11,17,23-Tetra-p-tert-butyl-25,27-bis[[(N~-phenylureido)ethyl]oxy]-26,28- 

dibutoxycalix[4]arene (3-2). Calix[4]arene 5-6 (0.40g, 0.48mmol) underwent NaBH4 

reduction using an identical procedure as for the synthesis of 3-1. In this way, 0.27g of 

a brown oily solid was obtained. This was placed into 8ml of chloroform and phenyl 

isocyanate (175~1, 1.6mmol) was added. The solution was left stirring under argon for 

12 hours and the work up proceeded as in the synthesis of 3-1. 0.18g of a brown oil 

remained. LC-MS analysis of the product revealed this crude to consist of 29.0% 3-2. 

41.2mg of a white solid were recovered by SP-HPLC, representing an LC recovery 

yield of 78.9% and an overall yield of 7.9% 3-2. The SP-HPLC purification and 

isolation method used is described in detail in chapter 6. mp: 258-260 OC. IR (KBr): 

3343, 1648cm-'. 1H NMR (400MHz, CDC13): 6 7.45 (m, 2 H, ASH), 7.31 (d, 4 H, 

Arm, 7.08 (s, 4 H,ArH), 6.92 (m, 4 H ,  Arm, 6.39 (m, 4 H ,  Arm, 5.60(s, 2 H, 

ArNHCO), 5 -05 (t, 2 H, CONHCH2), 4.32 and 3.1 1 (ABq, 8 H, ArCH2Ar, J=12.4), 3.92 

(m, 4 H, NHCH2), 3.71 (t, 4 H, NHCH2CH20Ar), 3.62 (t, 4 H, CH3(CH2)2CH20Ar), 

2.41 (m, 4 H, CH3CH2CH2), 1.32 (s, 18 H, t-butyl), 1.22 (m, 4 H, CH3CH2), 0.88 (t, 6 

H, CH3CH2), 0.74 (s, 18 H, t-butyl). I3c NMR (SOMHz, CDC13): 135.9, 132.1, 129.4, 

124.9, 68.5, 34.2, 32.3, 30.0, 28.2, 24.2, 22.6, 16.7, 14.4 ppm. ESI MS +m/e 1107.9 

([M + ~ a ' ] ,  calcd 1107.7). HPLC purity: 97.6%. 



4. Chapter 4 Optical Sensing: 
A Chloride Selective 

4.7 ABSTRACT 
A neutral 2-site chloride selective compound has been developed (4-3), based on a 1,3- 

alternate tetra-substituted calix[4]arene providing a preorganised supramolecular 

scaffold. The resultant supramolecular cavity is amongst the first to combine urea 

functional groups bridged with single methylene spacers to pyrene moieties. It 

combines a naturally and synthetically proven H-bonding system with the elegant 

ratiometric fluorescent signalling properties of an intramolecular pyrene excimer 

system, triggered by conformational changes upon anion coordination. The excimer 

emission of 4-3 is quenched, with a simultaneous rise in the monomer emission solely 

by the chloride anion amongst a wide variety of anions tested. 4-3 has an association 

constant of 2 . 4 ~  1o4rvl'' with chloride. The suitability and advantages of ratiometric 

optical sensor compounds like 4-3 for use in practical sensor devices is discussed. 4-3 

has an LOD of 8 x  10'~rvl with chloride in acetonitrile-chloroform (95:5 vlv). A dynamic 

fluorescence study revealed a response time of <3 seconds. A recently developed and 

simple HPLC based purification method complimented conventional organic work up 

methods to yield pure product. 

4.2 INTRODUCTION 
The combination of molecular platforms with (thio)urea functionality crowned with 

fluorescent signal transduction provides the basis for powerful optical sensors for anions 

and has received much interest amongst researchers recently 42,156- 163 



General desirable properties for organic fluorophores are rigid, planar systems with 

ample multibond conjugation. Fluorescent moieties available to the scientist, in 

addition to conjugated aliphatic entities (e.g. alkene based) include aromatics such as 

optionally substituted benzenes (e.g, nitrobenzene), anthracenes, naphthalenes and 

pyrenes. 

Within organic supramolecular chemistry and guest recognition systems derived 

therefrom, there are four main approaches for generating fluorescence emissions that 

will be briefly introduced here with illustrative examples33. There are many reviews 

and books on the subject, and the state of the art has recently been reviewed47. 

Photoinduced Electron Transfer (PET) 

Photoinduced Electron Transfer systems (PET) are the most widely encountered to 

date. In the case of supramolecular hosts these systems contain a fluorophore linked by 

a spacer to a cavity or other guest recognition site. The fluorescence signal is 

influenced by the presence or absence of a guest, which in turn influences the 

movement of electrons to and from the fluorophore from a nearby redox site, depending 

on redox potentials. The azacrown compound in Figure 4.1 illustrates this principle'64. 

The crown unit serves as a means of selectively complexing K' ions via the formation 

of electrostatic bonds with the nitrogen and oxygen lone pairs. The recognition site is 

linked to an anthracene fluorophore by a methylene spacer. With all the required 

colnponents in place there is an absence of fluorescence for the uncomplexed host. This 

is because of a PET of the lone pairs within the crown moiety to the fluorophore, thus 

quenching fluorescence. In the complexed state the lone pairs are occupied by the 

electropositive potassium ion and so cannot undergo PET to quench the fluorescence as 



they no longer have a suitable redox potential. In this case the fluorescence is turned 

on. 

PET 

1 
PET 

Fluorescence OFF 

NO PET 

--St 
Fluorescence ON 

Figure 4.1. The complexation of potassium by an azacrown and the resultant switching 
ON of fluorescence by Photo Electron Transfer (PET). This is illustrated in terms of 
structures and associated frontier orbital energy diagrams. 

There are several variations on this theme, for example reverse PET, whereby 

electrons are transferred from a fluorophore to an electropositive centre. This also turns 

off fluorescence. In all cases an OnIOff fluorescence scenario correlates usefully to the 

prescence or absence of an appropriate target guest. 

Electronic Energy Transfer (EET) 

Electronic Energy Transfer (EET) systems, which contain at least two non-identical 

photoactive units, are also used to obtain systems that exhibit chemically mediated 

fluorescence. The signaling mechanism is largely based on the relative orientation and 

distance between the photoactive units. Being non-identical, each unit has an excited 



state energy of different magnitude. The higher energy excited state transfers energy to 

the lower excited state. If the photoreactive units are particularly close, orbitals can 

overlap, at somewhat greater distances (about 0.5nm and greater) there is dipole 

overlap. The degree of proximity between the units dictates the overlap of the donor 

emission and the acceptor absorption spectra. The EET quantum efficiency is thereby 

directly influenced. At the same time each excited state produces its own unique 

emission and thereby a ratiometric emission signal can be obtained. The key 

advantages of ratiometric systems are there intrinsically self-calibrating nature. EET is 

exploited analytically in host-guest chemistry by guests who selectively control the 

relative distance and orientation between photoactive units, thereby generating a useful 

signal. An elegant example of EET was given by Valeur and co-workers who detected 

pb2+ using a coumarin based bichromophore ' 65. 

The structure in Figure 4.2 wraps around a pb2+ ion bringing donor and acceptor close 

together to facilitate EET. The structure is an open chain crown, forming a cyclic-like 

structure by electrostatic interaction of oxygen and nitrogen lone pairs with the pb2+. 

DONOR 

ACCEP OR 1 
Figure 4.2. The complexation of lead (pb2+) results in cyclisation of the depicted 
coumarin bichromophore, facilitating increased proximity between donor and acceptor 
moieties which enable Electron Energy Transfer (EET). 



The pb2+ binding event results in a plethora of optical signal changes. In addition to 

the ratiometric emission signal change, there are wavelength and intensity changes in 

both the absorption and emission spectra. The resultant output may be viewed as 

complex optical signatures, but conversely allow considerable scope for analytical 

signal interpretation. 

Internal Charge Transfer (ICT) 

Another type of signal is generated by an organic Internal Charge Transfer (ICT) 

mechanism. Such hosts ressemble PET systems somewhat, but without a distinct spacer 

between the remaining two host components, a lumo/fluorophore and the recognition 

site. An intimate overlap of relevant orbitals is possible in this case. Such structures 

contain an electron rich donor part and a suitably positioned acceptor part. These are 

linked for example by suitable conjugation. A considerable excited state dipole is 

generated upon excitation as electrons redistribute within the system. The presence of a 

suitable guest (or solvent related species such as protons) interacts with this dipole and 

the charge transfer process. The result can be a shift in both absorption and emission 

spectra wavelengths, providing a variety of means to probe host-guest interaction. 

There is a contrast with the character of a PET signal therefore. The signal for ICT 

systems is intensity ratiometric based due to guest induced wavelength shifts. The PET 

signal is more single wavelength, largely emission intensity based and displays 

extremes of signal chracter: ON or OFF. It is perhaps more robust and simple in 

construction and modus operandi. Figure 4.3 shows a simple phenoxazinone 

chromo/fluorophore host to illustrate a functioning guest recognition system based on 

I C T ' ~ ~ .  It is worth noting that this structure slightly ressembles the azacrown in Figure 



4.1, perhaps the most noteworthy exception being the absence of a methylene spacer 

between the guest recognition site and the lumo/fluorophore. 

Figure 4.3. A phenoxazinone chromo/fluorophore host with crown receptor moiety 
signalling guest complexation by Internal Charge Transfer (ICT). 

The chromo/fluorophore in Figure 4.3 contains the prerequisite donor group, which is 

the amino group within the crown moiety. The carbonyl group serves as acceptor 

completing the donor-acceptor couple required for ICT. Both the crown moiety and the 

carbonyl group have additional functions in that both can conceivably bind 

electropositive species such as cations or protons via electrostatic interactions. 

When the phenoxazinone is subjected to a series of cations including protons the 

absorption spectrum shows a red shift, except for exposure to ~ g ~ ' .  This is thought to 

be due to carbonyl coordination whereby the acceptor character of the system is 

enhanced through an increased positive character. This favours enhanced charge 

transfer from the amino donor moiety, lowering the energy gap between frontier orbitals 

and raising the absorbed wavelength. Conversely, when subjected to ~ g ~ + ,  

complexation is thought to occur within the crown moiety and not via the carbonyl, 

restraining the amino donor electrons and so reducing the system's conjugation, 

manifested by a blue shift of relevant absorption bands. The emission spectra reveal 

further truths about the system16'. If the acceptor part of a host colnplexes a heavy 

metal like H ~ ~ +  there would be a tightening of the bond with the carbonyl oxygen upon 

excitation, in the case of the above example. This would lead to fluorescence quenching 



by energy or electron transfer. On the other hand, if the donor part of an ICT type host 

complexes a cation, the excited state of the complex would lead to cation ejection and 

so no major difference in the emission spectra between the free and coinplexed forms 

would be observed. The phenoxazinone in Figure 4.3 continues to emit in the H ~ ~ + -  

complexed state, suggestive of excited-state decoordination from the donor part of the 

fluorophore. This serves as a useful analytical signal in addition to providing evidence 

regarding the mode of host-guest interaction. The H ~ ~ +  was clearly shown to complex 

in the crown moiety of the phenoxazinone and not the carbonyl group, unlike all the 

other cationic analytes tested. 

Monomer-Excimer systems 

The final type of fluorescence signal discussed is based on Monomer-Excimer 

systems, also the main focus of this thesis chapter. Monomer-Excimer systems are 

similar to EET systems in that the signal is generated by two or more fluorophore units 

typically linked in an intramolecular fashion, the signal characteristics being directly 

related to the distance and orientation between two appropriate fluorophores and the 

overlap of appropriate orbitals. For an excimer emission to be obtained these 

fluorophores are identical. The presence or absence of an appropriate guest results in a 

conformational stacking or un-stacking of the fluorophore moieties and so dictates the 

signal observed by the analyst. Anthracene and pyrene are typical examples. However, 

the main subject of this chapter is a monomer-excimer type signaling based on pyrene 

moieties. 

The main distinguishing feature of monomer-excimer systems analytically, is that the 

signal comprises at least two distinct emission wavelengths. The analytical signal is 

therefore ratiometric as opposed to single wavelength intensity based. The principal 



advantage of a dual wavelength or ratiometric system is that it is self-calibrating to a 

certain extent. 

For now it will s ~ f E c e  to say that d ~ e  organic chemist generally employs onc o f  two 

strategies to harness the potential of monomer-cxcimer systems. Consider a 

supra~nolecular host system for example, with two intmmolecularly linked pyrene 

moieties. I f  appropriate gucst complexing functional groups are placed within the 

supramolectr 1ar scaffoId, the presence of a gi~est can dictate the relative orientation and 

distance between the two pyrefie moieties. The guest either levers tlie inoieties apart or 

it  may bring tl~ern togetlicr. Either strategy wilI lead to a clear change in emission 

signal signifying the presence of that guest. Figure 4 4  illustrates a genel-a1 mechanism 

for one of the strategies whereby pest complexing levers apart the previously stacked 

pyrene moieties and a typical change in the einission spectrum to be anticipated is  

revealed. In  this case the excimer emission, always at the higher wavelength, is 

reduced, with a concurrent rise in monomer emission. The ratio of these intensities 

comprises the analytical signal. 



Figure 4.4. (A) An uncomplexed host complexes guest analyte A in its preorganised 
cavity levering apart the previously stacked pyrene moieties. (B) The excimer emission, 
always at the higher wavelength, is reduced with a concurrent rise in the monomer 
emissiont. The two emission bands form the basis of a ratiometric signal. 

In chapter 4.2.1, the chemistry of pyrene and the exploitation of monomer-excimer 

ratiometric fluorescence signaling will be elucidated in more detail. 

Some practical considerations when chosing an emission mode 

For the designer of sensor systems, some obvious advantages and disadvantages of 

the various approaches to fluorescent signal generation must be considered. For a start, 

the nature of the real life sample matrix or solvent where the sensor is to be applied 

must be considered. If the target analyte is a metal cation for example and the sample 

solvent is known to show great variations in pH, one must be aware that PET and ICT 

The illustrative emission spectra are of host 4-3 discussed in chapter 4.3.3, 



are particularly pH sensitive mechanisms. Both involve the movement of  electrons 

along clearly defined redox pathways. The perturbation of this movement, caused by 

the analyte, is intrinsic to the analytical signal. Protons and pH, like other cations, may 

be considered as a potential interferant and being the smallest of cations are uncanny at 

occupying the complexing sites of many carefully designed preorganised recognition 

systems. Science can take advantage of this, whereby the proton becomes the target 

analyte and so a pH sensor is born. There are numerous ICT based pH sensors for 

For EET and monomer-excimer systems, the analytical signal is largely based on a 

relative physical orientation and distance between two or more fluorophores. The guest 

recognition function or cavity within the host is comparatively discreet from this 

process and so solvent pH and polarity are not as important. Of course solvent 

characteristics can rarely be completely ignol-ed, for example solvent viscosity can 

control the dynamics of approach or distancing of the fluorophores in a monomer- 

excimer system affecting the sensor signal'69. Solvent polarity can also affect 

bifluorophoric systems. For example two pyrene units, being apolar and hydrophobic, 

will aggregate more-so in polar solvents as this is energetically more favourable. This 

increased proximity will change (but not eliminate) the ratiometric emission signal 

(This was also the case for host 4-3 as discussed in chapter 4.3.5). The change is not as 

dramatic as in PET systems for example where a signal ON or OFF situation prevails. 

EET, ICT and monomer-excimer systems all yield more than one signal wavelength, 

meaning a ratio of emission or absorbance wavelength intensities comprises the 

analytical signal. The PET system typically relies on the intensity of a single emission 

wavelength. The former three mechanisms are therefore somewhat self-calibrating, 

whereas PET sytems are not. This can be rationalized for a sensor operating in a 



riverine situation. A change in water turbidity (and hence the transmission of 

electromagnetic radiation through the sample) cannot easily be distinguished from a 

change in analyte concentration for single wavelength systems, but in the same scenario, 

wavelength intensity ratios need not be affected. The practical advantages of 

ratiometric systems are elaborated on in chapter 4.3.5. 

In light of the above discussion, Photoinduced Electron Transfer (PET) systems do 

not seem very practically appealing. It is however the sheer versatility and simplicity of 

PET systems that has led to the PET mechanism being relied on in the majority of 

fluorescence based recognition systems to date. The elaborate structural re-orientations 

required for monomer-excimer and EET systems are irrelevant. Via a spacer, one of 

many fluorophores with an appropriate redox potential can be attached covalently to 

many preorganised guest recognition systems. Synthetically, this can often be 

straightforward and thereby a fluorescent recognition sytem is born out of well 

characterized and reliable preorganised systems with relative ease. The selective 

affinity of crown ether towards potassium has been well known for many decades in a 

non-chromophoric capacity. By attaching an anthracene fluorophore to an azacrown 

recognition moiety via a methylene spacer (Figure 4.1), a powerful and selective 

recognition event was harnessed and brought into the realm of optical sensing'64. 

The practical reality of sensor design is that it is a long road from conceptual design 

to a functioning sensor device. The synthetic effort required to achieve good analyte 

selectivity alone is easily underestimated. To overcome some of the problems discussed 

above, two or more fluorescent signal generating mechanisms may be combined. This 

can have the advantage of a broader variety of output signals (ratiometric and intensity 

based etc.) and can facilitate versatile multi-analyte recognition. A hybrid approach is 

perhaps a new trend in chemistry or science as a whole, where we see increasing 



overlap of previously compartmentalized disciplines and approaches. The fluorogenic 

calix[4]arene in Figure 4.5 is a recent example of this approach employing both PET 

and monomer-excimer emission signal principles140. 

Enhanced Monomer 
Enhanced Exctmer 

Uncomplexed Hod: 
Weak Monorner 
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Enhanced Mmaaomea 
Quenched Bxdmoo 

Figure 4.5. A fluorogenic calix[4]arene with an analytical signal based on PET and 
monomer-excimer mechanisms. 

The free calix[4]arene shows a weak monomer emission due to PET from the mine  

lone pair and a strong excimer signal as two pyrenes are stacked appropriately. The 

redox potential is not appropriate for the amine lone pair to quench the excirner 

emission. Adding ~ i +  disables the PET and so the monomer emission is enhanced. The 

excimer emission is enhanced as the pyrenes remain stacked. Adding pb2+ to the free 

host also disables PET by arresting the movement of the amine lone pair. A 

conformational rearrangement results in pyrene separation and a concurrent quenching 



of the excimer emission. Anions interact with the amides and amine by hydrogen 

bonding. The free host selectively complexes F-. The redox potential of the F- present 

is appropriate to subdue both monomer and excimer emissions by PET. Three distinct 

analytes, including oppositely charged ones, could be detected and distinguished with 

one host system. If one considers the hypothetical scenario where one pyrene is 

removed from this calix[4]arene (and thereby the availability of any excimer emission), 

only a PET mechanism would remain to optically detect the presence and identity of the 

guest. ~ i +  and pb2+ could still be detected as monomer emissions would be enhanced 

but they could not be distinguished as easily as any conformational change of the host 

would not be relayed to the analyst. Furthermore, the host would most likely be poorly 

sensitive to anions as only a weak monomer emission would be observed in the free and 

complexed form. Clearly, the maximum analytical potential of the fluorogenic 

calix[4]arene in Figure 4.5 could only be realised by employing more than one 

mechanism for generating a fluorescent signal. 

4.2.1 Pyrene clzemistry and ratiometric fluorescence signalling 
Pyrenes are a particularly elegant basis for monomer-excimer ratiometric based 

optical sensors, with the ratio of two emission wavelengths typically used to generate 

170,171 the analytical signal . Further discussion will focus on such systems to illustrate 

monomer-excimer chemistry in general. Forster discovered the useful features of the 

pyrene emission spectrum in 1954'~'. When excited around 340nm, the fluorescence 

spectrum of pyrene systems can contain two distinct emission regions, due to monomer 

and excimer (excited d i m )  emissions. There are two sharp monomer emissions 

typically around 375nm and 400nm (A,,,). When two pyrene moieties overlap in an 

intramolecular fashion, there is a resultant n;-n orbital interaction which leads to a broad 



characteristic excimer emission, typically at 480nm (A,,,,). This phenomenon is 

possible because an excited state monomer (like a single pyrene) has a sufficiently long 

lifetime to interact with a ground state pyrene partner (shorter lifetime) to form an 

excimer. This explains the observed red-shift relative to the monomer emission and the 

broad nature of the emission. Furthermore there is a lack of vibrational features in the 

excimer signal. 

The excimer and monomers exist in a state of dynamic equilibrium. The equilibrium 

position of the system is controlled by excitation energy (electromagnetic radiation) and 

local concentration of fluorophores. Rigid preorganised supramolecular structures are 

an ideal means to providing this close, preferably reversible intramolecular proximity or 

local concentration. The photophysics of excimer formation was studied in detail by 

authors like  irks'^'. 

Excimer emission may occur due to intermolecular association of fluorophores, but 

this is relatively rare and requires a certain forcing together of fluorophores to emulate 

the high local concentrations obtained in intramolecular systems. Besides using un- 

practically high concentrations to force intermolecular pyrene association, a similar 

effect can for example be achieved via the pseudo-intramolecular interlocking of 

complimentary DNA strands derivatised with pyrenes'72. The semainder of this 

discussion will focus on intramolecular pyrene interactions. 

A useful way to control intramolecular pyrene 'stacking' and 'wnstacking' is by 

placing guest coordinating hnctionality in the proximity of an intramolecular pyrene 

system to yield a preorganised host. The addition of a guest may selectively 'stack' or 

'unstaclc' such a system due to a steric levering apart of two pyrenes or the reverse. 

This is the basis for an excellent analyte sensing mechanism. 



To date the pyrene excimer-monomer system has been exploited mainly for cation 

sensing82, 173-1 83 but there is an increasing focus on anion sensing 141,184-186 . Some 

recently published pyrene derivatives for cation and anion recognition are shown in 

Figure 4.6. 



ca2+ Selective ... 
(Suzuki, 1998) 

Hg2+ and cu2+ Selective ... 
(Martinez, 2005) 

H2P04- Selective ... 
(Sasaki, 2001) 

Na+ Selective based on 
classic tetraester ... 
(Jin, 1992) 

H-N 

2=s 
H-N 

CNd Hg2+ Selective ... Lo (Kim, 2006) 

K+ (Crown) and pb2+ 
(amide) Selective ... 
(Kim, 2004) 

Figure 4.6. Examples of fluorescent ion recognition systems, which all include a 
pyrene excimer emission component. Some calix[4]arene examples are also included. 



The host structure labeled Ta2+ selective' in Figure 4.6 for example shows no 

excimer emission in the uncomplexed state. The inclusion of ca2+ by complexing with 

oxygen lone pairs and NH hydrogen bonds gives rise to an excimer emission. The ca2+ 

complexing event induces a conformational bringing together of the fluorophore 

unitsIg3. Conversely, the tetraester calixarene with two pyrene moieties labeled ' ~ a +  

selelective' in Figure 4.6 reveals a strong excimer emission in the uncomplexed form. 

~ a '  positions itself between the pyrenes resulting in their spatial separation and a 

quenching of the excimer signal with a concurrent rise in the monomer emission'75. 

4.2.2 Building the host: Previous combinations of pyrenes with (thio) urea 
functional groups 

To the best of our knowledge there are few examples where pyrene and (thio)urea 

systems have been proximally combined in anion receptors 187,188 and none based on a 

calixarene platform. 

Sasaki and coworkers synthesized a tripodal anion host (Figure 4.7) with pyrenes 

directly adjacent to 3 thiourea groups'87. 

Figure 4.7. A fluorescent tripodal host for anions with urea functionality and pyrene 
moieties. 



This structure revealed a fluorescent monomer-excimer emission that could be 

exploited for anion recognition. Modest HzPOi selectivity with interference from 

CH3COO- and C1- was observed. Furthermore, only modest deviation from a typical 

Hofmeister selectivity, following anion basicity order was observed. 

Werner describes a tripodal nucleotide anion host, shown in Figure 4.8, which has 

relatively long propyl spacers between pyrene moieties and u r e a ~ ' ~ ~ .  These long 

spacers meant that complexation did not yield an analytically useful changing 

monomer-excimer signal as there was inefficient communication between guest binding 

sites and the pyrene signaling moieties, presumably due to a lack of suitable 

preorganisation and excessive flexibility of the pyrene pendant groups. 

Figure 4.8. A tripodal nucleotide anion host based on urea and pyrene moieties. 

This chapter describes the combination of more than one pyrene moiety within the 

same calix[4]arene scaffold, also containing anion complexing urea functional groups, 

linked to pyrene moieties via a methylene spacer, leading to host 4-3. This is envisaged 

as the basis for a ratiometric fluorescent anion sensor. When two pyrene moieties stack 

in an intramolecular fashion and an excitation wavelength of about 340nm is applied, an 

excimer emission appears at about 450nm and there is a smaller monomer emission at 



around 400nm in the uncomplexed state. When this host binds an appropriate anionic 

guest, conformational changes occur as described above, whereby the pyrenes are 

unstacked. Subsequently, the excimer emission is reduced whilst the monomer 

emission increases, thereby signalling the presence of the guest to the analyst. 

4.3 RESULTS AND DISCUSSION 

4.3.1 Synthesis 
Typically the synthesis of a urea based host compound is advanced to a stage where 

there are one or more amine appendages present. The final stage is the addition of an 

appropriate isocyanate and under mild conditions (e.g. room temperature, 3 hours) the 

(thio)urea forms in good yield. The large number of isocyanates commercially 

available, mild reaction conditions and useful target properties contribute to the 

popularity of (thio)urea based hosts for anion detection. 

A typical synthesis of 4-3 would normally have been performed starting from a 

tetranitrile calix[4]arene precursor via reduction to tetraamine and subsequent reaction 

with an appropriate isocyanate in the final step. Scheme 4.1 summarises such a reaction 

path. 



Sclleme 4.1. 'The theoretical synthesis of  4-3 via an appropriate isocyanate. 

Reduction 
L 

As the necessary isocyanate was not readily available, the synthetic l-oute to 4-3 

depicted in Scheme 4.2 was chosen instead. 



Scheme 4.2. The synthesis of precursors 4-1 and 4-2 and calix[4]arene 4-3. 

KpCO,, DMF 

Full experimental conditions can be found in chapter 4.5. The pyrenyl urea 

appendages 4-1 and 4-2 were synthesized in a one pot synthesis by the reaction of 

deprotonated 1-pyrenemethylamine hydrochloride with 3-chloropropyl and 2- 

bromoethyl isocyanates respectively. The obvious advantage is that precursors 4-1 and 

4-2 represent new 2 in 1 fluorophore-ionophore packages which in fbture can be 

attached to other molecular scaffolds or precursors, besides calixarenes, yielding useful 

host compounds, possibly in a single reaction step. The reduction in the number of 

synthetic steps is an attractive prospect for the future synthesis of highly preorganised 

structures based on 4-1 and 4-2 where inherently low yields may be coupled with 

difficult purification regimes. Interestingly, 4-1 did not react with calix[4]arene under 

the same conditions as the reaction of 4-2. Presumably as bromide is a better leaving 

group in substitution reactions, 4-2 is expected to be the more labile reagent. 4-2 was 

reacted with calix[4]arene by base induced SN2 substitution reaction to yield 4-3 in a 

further step. 



An initial qualitative screening of the crude mixture from this reaction by TLC, 

revealed a bluelgreen spot when the plate was irradiated with long wavelength (h 

>300nm) UV light. This spot was not present in the TLC of 4-2. Furthermore, the 

appearance of an excimer emission at 452nm (A,,,) was also seen in the crude mixture 

of 4-3 only, by fluorescence screening. This was the first evidence that a compound 

with intramolecular pyrene interaction was present. Following initial workup of the 

reaction mix, a crude mixture containing 37% 4-3 (of total peak areas) was present as 

shown by HPLC analysis (Figure 6.12). Workup products from the reaction mixtures 

obtained from the synthesis of 4-1, 4-2 and 4-3 showed very poor solubility in most 

common low polarity solvents, marginally better solubility in MeOH and ACN and 

good solubility in DMSO or DMF. The preference for highly polar solvents is probably 

dictated by the polar urea groups and salts present. This affected the ease of purification 

of 4-2 and 4-3 in particular as chromatographic methods had to be used to achieve 

purities in excess of 95%. For 4-3, an efficient semi-preparative HPLC method proved 

essential. This instrumental approach, previously developed in our group for 

supramolecule isolation, is of particular benefit when dealing with complex mixtures 

and low yielding  reaction^"^. The method used was a fast, efficient means of purifLing 

mg quantities of a product using a scaled up analytical HPLC method based on widely 

available analytical instrumentation. Chapter 6.3.4 deals with this HPLC method in 

detail and the purification of 4-3 in particular. HPLC analysis of the product obtained 

by this purification approach gave a single peak, revealing an overall product purity of 

98% (Figure 6.13). 

From the 'H NMR spectrum of 4-3, there is a single peak for the methylene groups of 

the calix[4]arene annulus. This is indicative of a 1,3 alternate structure8' as depicted in 

Scheme 4.2. The attachment of 4 sterically bulky appendages like 4-2 to a calix[4]arene 



platform may result in a deviation from the more common cone conformation to a less 

hindered 1,3-alternate configuration. This deviation from the cone conformation is 

particularly feasible as the calix[4]arene benzene groups are free to rotate through the 

central aromatic cavity, given the absence of the commonly present upper rim tertiary 

buityl groups. 

The two urea protons of start material 4-2 appeared deshielded from 6.3 and 6.8 ppm 

into the aromatic region for 4-3. This signals a large change in the chemical 

environment of the urea protons in 4-3. This de-shielding of urea protons may be due to 

proximal pyrene moieties and increased inter or intramolecular H-bonding of the urea 

groups of 4-3. 

4.3.2 Stability testing 
A 'H NMR temperature degradation study of 4-1, 4-2 and 4-3 revealed that 

degradation generally occurred at temperatures of 80°C and above. Increased number 

of peaks and increased integration numbers for aromatic protons suggested cleavage of 

the bulky pyrene moiety (Figure 4.9). 

Figure 4.9. A 'H NMR degradation study in DMSO revcals de radation of 4-1 (similar K for 4-2 and 4-3) occurs at temperatures of 80°C and above. (a) H NMR spectrum of 4- 
1 at 25°C before heat treatment. (b) '1-1 NMR specbu~n of the DMSO-4-1 solution at 
25OC after being heated at 80°C for 12 hours. 



The consequences of these findings were that a maximum temperature of only 70°C 

for the subsequent synthesis of 4-3 could be used. This coupled with the solubility and 

purification issues discussed above may have contributed to the somewhat low final 

yield of 2%. 

For the chal-acterization o f  purified 4-3, several atte~npts were made to obtain DI-MS 

data. Both ESI and Maldi MS techniques were applied using nowacidified and 

acidified matrices in a variety of solvents including acetonitrile and water. No 

satisfactory mass spectrum was obtained far 4-3 due ta difficulties in iol~ising 4-3 and 

limitations in general stability. Some usefill clues as to the degradation mechanism of 

4-3 wcre obtained bowever. Interestingly, most attempts at obtaining a single peak 

corresponding ta 4-3 using ESI-MS resulted in spectra witlr numerous fluctuating peaks 

o f  a large variety o f  masses generally lower than the target mass for 4-3 of +m/e 

t 624.67. Figure 4.10 shows a typical ESI-MS obtained. 



Figure 4.10. A typical ESI-MS obtained for 4-3 showing a large diversity of peaks. 
The peak of mass 215.2 corresponding to a pyrenyl moiety remained constant as other 
masses fluctuated. 

The fragment corresponding to 2 15.2 (pyrenyl) was the only peak prominently visible 

and constant for 4-1, 4-2 and 4-3 whilst a multitude of fluctuating other masses also 

appeared in the case of 4-3, perhaps indicating the ease with which this bulky moiety is 

cleaved from the parent structure. From the MS evidence above, it may be deduced that 

the cleavage of pyrenyl units may be the first step in this degradation. This would also 

explain the increased integration of aromatic protons following temperature induced 

degradation of 4-3 (Figure 4.9) as additional aromatic species are formed. 

4.3.3 Analytical Characterisation 
The excitation spectra of tetraphenol calix[4]arene, 4-2 and 4-3 are shown in Figure 
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Figure 4.11. The UVNisible absorption spectra of tetraphenol calix[4]arene, 4-2 and 
4-3 in 100% acetonitrile. 

Figure 4.1 1 reveals a L, of 340nm as an ideal excitation wavelength for 4-2 and 4-3. 

It is the ideal excitation wavelength for the pyrene moieties, as there are no significant 

absorbance features above 350nm, the region where fluorescence emission is 

anticipated. Furthermore, the calix[4]arene sub-structure does not compete for 

excitation photons at 340nm. 

The tetraphenol calix[4]arene absorbance shows a large shoulder below 250nm (> 0.8 

a.u.). 4-3 also shows such a shoulder. 4-3 therefore reveals a hybrid absorption 

spectrum, revealing both features from pyrene moieties and the tetraphenol 

calix[4]arene starting material. This serves as further proof of the structure of 4-3. 

Figure 4.12 shows the emission spectrum of 4-2 and 4-3 in acetonitrile-chloroform 

(95:5 v/v) when excited at 340nm. 4-2 reveals two monomer emission peaks at 376nm 

and 398nm (k,). There are no significant emission features >430nm, indicating the 



absence of excimer formation. 4-3 shows the monomer emissions as well as a much 

larger broad emission band at 452nm (h,,,), characteristic of an intramolecular pyrene 

excimer emission. 

350 400 450 500 550 600 
Wavelength [nm] 

Figure 4.12. Emission spectra of 4-2 and 4-3 (1 x ~ o - ~ M )  in acetonitrile-chloroform 
(95:5 vlv) showing monomer maxima at 376nm and 398nm. Only 4-3 shows an 
additional broad band at 452nm due to excimer formation. The excitation wavelength 
was 340nm. 

In contrast to the fluorescence spectra of 4-1, 4-2 and all other fractions collected during 

the purification of 4-3 by semi-preparative HPLC, only the pure fraction of 4-3 

exhibited the characteristically broad pyrene excimer emission. 

For 4-3, the ratio of excimer (452nm) to monomer (398nm) emission remained 

unchanged at 4.4 in the concentration range 1 x to 1 x I O - ~ M  (Figure 4.13). This 

further confirmed the presence of pyrene units interacting by an intramolecular 

mechanism, not an intermolecular one. Emission detector saturation occurs above log 

I O-'M 4-3 and a lack of instrument sensitivity below 1 O - ~ M  lead to decreasing ratios and 

a plateau below 1 O - ~ M  4-3. 



Figure 4.13. The ratio of excimer (452nm) to monomer (398nm) emission with 
changing concentration of 4-3 in acetonitrile-chloroform (955 v/v). 

The ditopic chromoionophore 4-3 is built on a calix[4]arene platform, lending 

preorganisation to the overall host. Four urea groups providing eight possible H-bonds 

for anion binding are in close proximity to pyrene moieties, whose orientation relative 

to each other is thought to change upon guest inclusion. Such a binding event can in 

principle be monitored by ratiometric changes in the emission spectrum 

(excimer:monomer ratio) of 4-3. 

The changes in the emission spectrum of 4-3 were examined when screened with 

eleven common anions. These spanned a comprehensive range of sizes and shapes. 

100 equivalents of the tertiary butyl ammonium salt of each anion was added to 1 x 10- 

6~ solutions of 4-3 in acetonitrile-chloroform (9.5:5 v/v). The change in excimer and 

monomer emission was monitored and the results tabulated in Table 4.1. 



Table 4.1. Fluorescence changes (1-10) for 4-3 upon addition of 100 equivalents of 
specified aniona. 

Fluorescence change (1-10) 

Lrn Cl- F Bf r NO; Clod AcO- SCN CN HS0i HzPOd H,O~ 

-6 +6 -36 

"Conditions: 4-3, 1 . 6 ~  ~ o - ~ M  in acetonitrile-chloroform (95:5 vlv), excitation at 340nm. 
I,: fluorescence emission intensity of free 4-3. I: fluorescence emission intensity of 4-3 
with 100 equivalents of specified anion in the form of tertiary butyl ammonium salts. 
b1 000 equivalents added. 

Remarkably, only chloride caused a dramatic change in the emission spectrum of 4-3. 

There is a sharp decline in excimer emission with a corresponding increase in monomer 

emission. These observations suggest that the chloride anion selectively coordinates 

with the urea protons in the cavity of 4-3 so as to 'unstack' or lever apart the z-z 

stacked pyrenes. The process is represented by the molecular models in Scheme 4.3. 

Scheme 4.3. Energy minirnised molecular models showing the binding of chloride ions 
by 4-3. Quenching of Excimer emission (452nm) caused by a perturbation of the 
pyrene n-n interaction by the conformational 'unstacking' of pyrene moieties. 

r n m -  
OFF 



The 'unstacking' of the pyrene moieties is justified by the strong reduction of the 

excimer emission and concurrent rise in monomer emission upon complexation of 

chloride as seen in Table 4.1. A Photoinduced Electron Transfer (PET) effect from the 

negative C1- to the pyrene moieties is unlikely, as this would have resulted in a reduced 

excimer and monomer emission (compare with F- selective calix[4]arene in Figure 4.5). 

An unambiguous monomer-excimer mechanism appears to be at play. 

The excimer emission of 452nm (h,,,) signifies a considerable blue shift compared to 

other intramolecular pyrene excimer systems, which typically show a h,, of 4 8 0 n m ' ~ ~ .  

The comparison of the pyrene excimer emission of sandwich-like systems (full overlap) 

190,191 with partially overlapping systems is normally explained in this way . Sandwich- 

like systems are described as dynamic excimers, in that pyrene moieties are free to fully 

overlap. Partially overlapping pyrenes are described as static because some force is 

inducing a partial overlap. In the case of free 4-3, there is a strong likelihood of H- 

bonding between urea groups in addition to steric factors, thereby offering a plausible 

explanation for the observed partially overlapped static excimer. 

To further support the mode of binding proposed, selected tetrabutylammonium 

anions were added in excess to 4-3 in deuterated acetone and examined by 'H NMR 

spectroscopy (Figure 4.14). 



Figure 4.14. The 'H NMR in d-acetone of 4-3 with 300 Equivalents of t-butyl 
ammonium anion salt (a) Free (b) chloride (c) fluoride (d) bromide. 

Only the chloride salt caused a downfield shift of urea protons, indicative of an H- 

bonding interaction. Upon addition of 300 equivalents of Cl', the two triplet signals for 

the urea protons appear shifted downfield, clear of the main aromatic region at 8.69ppm 

and 8.7lppm. This shows clearly that chloride ions form an inclusion complex within 

the cavities of 4-3 involving urea protons. No such discernible change was observed for 

the smaller fluoride and the larger bromide anions, confirming chloride selectivity. 

Furthermore, the aromatic protons of 4-3 appear considerably deconvoluted by the 

addition of Cl-, suggesting a more symmetrical complex structure compared to the free 

Host. The resultant separation of previously z-stacked pyrene moieties may reduce the 

effects of the n-electron clouds from the planes of the two pyrene moieties. These 

results mirror the findings of the fluorescence study, where a response appeared 

exclusive to CI-. It appears that a specific cavity effect controls the anion binding 

characteristics of 4-3. A 'lock and key' or 'best fit' model appears to yield an 



energetically favorable host-guest interaction in this case. This is in contrast to a 

scenario where an anion host offers little preorganisation, where selectivity is typically 

dictated by anion basicity4'. 

When 0-500 equivalents of chloride are added to 4-3, the change in emission can be 

followed and is shown in Figure 4.15. 

rcl-1114-31 
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Figure 4.15. Changes of the fluorescence spectrum of a 1 x ~ o - ~ M  molar solution of 4- 
3 in acetonitrile-chloroform (95:5 vlv) upon addition of the specified number of 
equivalents of chloride ([Cl-]/[4-31). Ro: Ratio of excimer (he,=452nm) to monomer 
(Lm=398nm) of free 4-3. R: Ratio of excimer to monomer with varying [Cl]. The 
excitation wavelength was 340nm. 

This experiment yielded further valuable information. At 412nm there is an 

isoemissive point which indicates that only one type of co~nplexing mechanism 

(equivalent in both cavities of 4-3) is at play perturbing the excimer emission of 4-318'. 

From the change in excimer to monomer ratios observed with chloride added, an 

association constant of 2.4 x 104M-' was obtained1. The association constants of crown 

and cryptand alkali metal hosts are typically about 1 o 6 ~ - '  and 10'OM-' respectively'. It 

appears that selective anion hosts seldom reach association constants of this magnitude 

and are in fact lower by several orders of magnitude. 

$ The association constant was calculated by non-linear regression analysis and the 
fitting of experimental data with a standard fluorescence equation by minimizing the 
sum of square residuals. The standard Microsoft Excel add-in SOLVER was used. 
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The reasons for this include the competitive factors inherent in anion sensing. These 

typically revolve around solvation effects (choice of solvent) and factors such as 

competitive H-bonding (chapter 1). Additional factors competing with anion 

coordination specific to 4-3 may include the cost in energy to separate the overlapping 

pyrene n-n bonding systems. Furthermore, as each equivalent di-urea cavity of 4-3 

binds a chloride anion, the resultant repulsion between these two ions of same charge 

within 4-3 may further lower the overall association constant. However, viewed 

positively, the net effect of the factors responsible for low association constants may 

also be driving factors for good selectivity. In the case of 4-3, these factors may 

contribute significantly to the observed selectivity for chloride over other anions. 

Other strategies for modifying association constants and selectivity have involved 

varying the acidity of urea protons. For example Lang replaced a porphyrin with a 

nitrophenyl group proximal to the ureas of a calix[4]arene. The increased electron 

withdrawing ability of the nitrophenyl group resulted in increased urea proton acidity 

and an increase in association constant with chloride by 1 order of magnitude63. 

Thiourea groups are more acidic than urea groups and have been shown to lead to 

higher anion association constants for otherwise identical hosts75. Conversely, a 

decrease in association constants may also occur by increasing the acidity of urea 

protons for the simple reason that increased affinity for anions may result in a 

simultaneous rise in competition from urea-urea and urea-solvent H-bonding 72. 

The selectivity of 4-3 towards chloride can also be explained classically by a 'best fit' 

or 'lock and Itey' model. In addition, the unique cavity preorganisation of 4-3 with its 

directional H-bonds provided by the ureas may provide for selective chloride 

recognition. It is most likely several cumulative factors that contribute to what is 

ultimately the most important parameter of a sensor design: Selectivity. 



4.3.4 Stoichiornetry 
The subjest of complex stoichiometry between chloride and 4-3 warrants further 

discussion. 'H NMR titrations or spectroscopic titrations between a host and guest 

normally reveal the point of signal saturation (no further change) for a given 

stoichiometry of Host:Guest. By generating simple Job plots, the stoichiometry of the 

host-guest complex can be unambiguously assigned and are typically 1 : 1 or 2: 1. In the 

case of 4-3, the fluorescence emission intensities only stopped changing after adding 

about 150 equivalents of chloride to 1 equivalent of 4-3 (Figure 4.15). Clearly, a 

realistic complex stoichiometry cannot be deduced from such a host:guest ratio. 

Regarding the 'H NMR spectrum of 4-3, the relevant urea protons appear to be 

obscured by the complex aromatic region of the spectrum, only emerging downfield of 

this region when a large excess of chloride ions are added. This precludes the use of 

this technique to closely follow the urea proton chemical shift with changing ratios of 

host:guest, particularly for ratios relevant for revealing stoichiometric information of the 

complex formed. 

A 1:2 host:guest ratio for 4-3 is proposed, based on experimental observations and on 

the findings of other workers on calixarene urea systems as discussed below. As both 

cavities in the symmetrical 1,3-alternate system of 4-3 are exactly equivalent, an event 

occurring in one cavity is as likely to occur in the second cavity. A total quenching of 

the excimer emission for 4-3 was observed when chloride ions were added, and can 

only be seen if both cavities undergo anion induced conformational unstacking of the 

pyrene moieties. The distance between the two complexed chloride ions in the 

molecular model of Scheme 4.3 was calculated to be about 14A. This distance is too 

large to rule out complexation of two ions by repulsion of like charges67. 

The possibility of observing a negative allosteric effect as seen by Budka and 

coworkers is very unlikely67. Budlca investigated the stoichioinetry of a tetrasubstituted 



1,3-alternate urea calix[4]arene with two equivalent cavities towards anions (Figure 

4.16). By means of 'H NMR titrations, Budka observed a 1:l stoichiometry and 

concluded that the complexation of an anion in one cavity prevented a second anion 

being complexed in the second cavity of the same molecule. The binding of the first 

anion was thought to cause a closing of a two propoxy tweezer para to the urea 

appendages. This effectively appeared to block any complexation in the second cavity. 

This negative allosteric effect is shown graphically in Figure 4.16. 

f h  
d 

H-N 

N--I3 H-N 

Figure 4.16. The complexation of one anion in a Host with two complexation sites 
blocks complexation of a second anion due to a propoxy tweezer: A negative allosteric 
effect. 

A similar effect is clearly not at play for 4-3 which has no substituents para to the 

urea appendages. 

The formation of dimers or capsules comprising more than one calixarene has been 

shown to occur due to intermolecular H-bonding of urea protons. Such an effect can 

effectively block ion complexation". This effect applies specifically when ureas are 

present at the broader upper rim of a calixarene, not at the lower rim, as is the case for 



4-3. Furthermore, in the unlikely event of such capsules interfering with anion 

complexation of 4-3, both equivalent cavities would be affected equally thus 

complexaton is either blocked or allowed in both cavities. In any case, significant inter 

and intra-molecular H-bonding between ureas in 4-3 is quite unlikely due to to the 

sterically bulky nature of the pyrene moieties proximally attached to each urea. With 

these arguments we conclude that a Host:Guest stoichiometry of 1:2 is the most likely 

scenario for 4-3. 

4.3.5 Practical sensor design principles in the context of 4-3 
A developer of practical fluorescent probes or sensors can choose from three broad 

fluorescence signal typesI9*. Intensity based probes rely on the change of intensity of 

single wavelengths. The biggest disadvantage here is that for accurate sensing, the 

exact sensor host concentration must be known. Typically factors like host degradation 

or leaching into the sample result in ever changing host concentration. Other factors 

like sample turbidity, intensity of incident light, scattering, inner-filter effects and photo 

bleaching strongly affect the signal reliability. These disadvantages are largely absent 

for the other two categories, life-time based and wavelength-ratiometric fluorescent 

sensing methods. 4-3 belongs to the latter class, whereby a changing ratio of two 

fluorescence intensities comprises the analytical signal. Such devices in contrast to 

single wavelength intensity based ones are self-calibrating to an extent, in that 

wavelength ratios are not affected by the above problems to the same degree. 

It is apparent from the literature that there are quite a number of fully characterized 

fluorescent sensor compounds available with elegant spectroscopic properties. The 

operating wavelengths of many of these compounds, including 4-3 (excitation 340nm), 

fall within the UV region of the spectrum. A major challenge for developing 

fluorescent sensor devices from these compounds is the availability of optically 



compatible sensor materials 35,193-195 . Many currently available materials can contribute 

to interferences and auto fluorescence of a sensor, particularly in the UV region 

(~400nm) .  The search is on then to continue to lower the UV transparency cut-off point 

of components. Central to any fluorescent optical sensor is the need for an excitation 

source and an emission detector. Laser diodes and Light Emitting Diodes (LEDs) lead 

the field when it comes to developing miniaturized, cheap and effective sensor 

devices196. As material scientists work to increase the UV-transparency of device 

components, organic chemists strive to raise the 'useful' wavelengths of a sensor 

compound towards the visible region. In future it is hoped that these efforts will 

converge. Both monomer and excimer emission intensities of 4-3 at a concentration of 

1 x ~ o - ~ M  were found to be about 75% and 10% at excitation wavelengths of 350nm and 

360nm respectively, compared to an excitation wavelength of 340nm. Despite the 

decrease in emission intensities, analytically useful signals were still obtained. Indeed, 

there are LEDs available commercially at the time of writing that operate at predefined 

wavelengths from the visible down into the UV range as low as 247nn1'. 

A system where a bulk 1:l Host to Guest concentration results in a plateau of the 

measured signal upon further addition of guest may be described as a switch. 

Conversely, 4-3 displayed a range of response of about 5 x I O - ~ M  to 1.5 x I O - ~ M  

chloride (50-150 ecluivalents of chloride added to 1 x ~ o - ~ M  of 4-3) as seen in Figure 

4.15. The larger the response range of a sensor, the easier it is to tune a device to yield 

both qualitative and quantitative data on a guest and the more it lends itself to 

continuous sensing35. 

Chloride (usually from sodium chloride) is essential for human health with typical 

levels at O.1M in blood serum. In soil typical levels are 100ppm'45, whereas the typical 

"ensor Electronic Technology, Inc., USA, www.s-et.com 



chloride levels in the oceans are about 0 . 5 ~ ' ~ ~ .  For such applications a particularly low 

LOD for chloride is not required. For the many other analytes however, ever lower 

LODs are essential, several orders of magnitude below the above examples. 

The upper and lower LODs and linear response ranges of systems like 4-3 can be 

tuned to a certain degree. At the minimum instrument sensitivity settings signal 

saturation was observed above ~ o - ~ M  4-3. Analytically useful excimerlmonomer bands 

are still observed down to concentrations of 1 x I O - ~ M  4-3 (Figure 4.17), using the 

maximum sensitivity threshold of the instrumentation. 

Figure 4.17. The monomer (39'8nm) and excirner (452nm) emission intensities of 
varying concentrations of 4-3 in acetonitrilc-clrloroform (95:5 vlv). 1 x 1 O - ~ M  4-3 was 
the lowest analytically useable concentration for sensing chloride, using the available 
instrumentation. Excitation and emission slits were set at a maximum possible 15nm. 

Based on this concentration an LOD of 8 x  ~ o - ~ M  chloride was observed. This amounts 

to a chloride concentration that is only 6-fold lower than the LOD for a starting 

concentration of 1 x I O - ~ M  4-3. Due to a lack of instrument sensitivity at these 

concentrations, a reduced excimer:monomer ratio of around 3.0 (Ratio was 4.4 bewteen 
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~ o - ~ M  and ~ o - ~ M  4-3) was observed for 4-3, leaving less scope for signal change on 

complexation. Furthermore at concentrations of 1 x I O - ~ M  4-3, the monomer-excimer 

signals are likely to be more prone to baseline interference and errors. Indeed 800 

equivalents of chloride were needed to get a reproducible signal change at the lower 

concentration of 4-3. 

Where upper or lower LOD changes are required for ratiometric fluorescence sensors 

incorporating hosts like 4-3, it is perhaps also useful to carefully adjust other sensor 

parameters. Such a strategy may involve starting with a constant concentration of 4-3 in 

the range 1 x to 1 x ~ o - ~ M ,  where an optimal high excimer:monomer ratio of 4.4 was 

observed. By carefully tuning the sensor sample pathlength, characteristics of source 

and detector (LEDs, photodiodes etc.) or excitation/emission bandwidths for example, 

the sensitivity towards the analyte could be modulated. If the host is incorporated into a 

liquid polymer membrane, the polarity of this environment via choice of polymer or 

plasticizer for example can also have a profound effect on analyte sensitivity. 

In a dynamic analyte environment, response time is important. A dynamic 

experiment involving 4-3 was carried out. A sample of 1 x 106M 4-3 was spiked with 

100 equivalents of chloride and the response measured over time. No mechanical 

stirring was provided. Once again a strong chloride response was observed, with a 

stable final emission signal after about 3 seconds as seen in Figure 4.18. 
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Figure 4.18. The dynamic response of a 1 x I O ~ M  solution of 4-3 when spiked with 100 
equivalents of chloride. Excitation 350nm and bandwidth 5nm. Fluorescence was 
monitored at 452nm. With no mechanical stirring, a stable signal was obtained in about 
3 seconds. 

Most useful sensors must be able to operate in an aqueous environment. This is 

immediately clear when considering environmental and medical applications. When 

1000 equivalents of water were added to 4-3 as seen in Table 4.1, there was no 

reduction in the excimer emission and so it is not in direct competition with chloride 

complexation. On the contrary, the excimer:monomer ratio increased to 4.8. Water 

may enhance the pyrene x-x interactions possibly due to an increase in aggregation of 

organic moieties in an environment of increasing polarity. 

When considering incorporating a host compound into a chemical sensor, this 

typically involves either the mixing of the compound into a hydrophobic polymeric 

membrane cocktail (e.g. PVC membrane of an Ion Selective Electrode) or covalent 

attachment to a polymer backbone or other substrate. The latter approach has the main 

advantage that it can prevent leaching of the compound into the sample matrix during 

analysis. Neutral calixarenes based hosts are ideal for both strategies. As calixarenes 

present numerous substitution opportunities at the upper and lower rim, calixarenes can 

for example be co-polymerised into polymer backbones with the aid of passive linkers. 



In tandem, active complexing substituents can operate independently. One sample 

strategy is to convert the upper rim to p-ally1 groups prior to functionalising the lower 

rim109.1 98.199 . Labile p-allyl groups are then co-polymerised onto a polymer and thereby 

securely 'fastened' to the sensor substrate. This is also described in chapter 1.10. 

In time, it is envisaged that with the current pace of progress, ratiometric receptors like 

4-3 and similar systems in the literature may soon see applications in real life devices. 

4.4 CONCLUSIONS 
The synthesis of pyrene ureas 4-1, 4-2 and 4-3 was successfully carried out. The 

precursor compounds 4-1 and 4-2 have great potential to be applied to other 

(supra)molecular platforms to produce libraries of anion selective hosts. They may be 

considered 2 in 1 systems in that they provide urea functional groups and pyrene 

moieties for signalling anion recognition via excirner-monomer emission ratios in 

systems with at least two pyrene moieties orientated correctly. 

4-3 is a ratiometric fluorescent calix[4]arene showing near exclusive chloride selectivity 

amongst a large variety of common inorganic anions and does not show interference in 

the presence of a large excess of water. Besides the excellent potential for the synthesis 

of derivatives and subsequent characterisation of hosts similar to 4-3, such hosts may 

lend themselves to incorporation into practical sensor devices in future. 

4-3 performed favourably in terins of selectivity, LOD and fast response time. 

Ratiometric fluorescent hosts like 4-3 are self-calibrating compared to single 

wavelength intensity based sensors. With these advantages in mind, suggested future 

work could entail the mixing or covalent immobilisation onto a sensor surface of 4-3. 

The useful wavelength operating range of 4-3 is 340-460nm approximately. As  the 

excitation wavelength is about 340nm, in the Ultra Violet region, UV transparent sensor 



components may be needed. LED technology already operates in this range and may be 

applicable as source and detector in such a sensor. 

4.5 EXPERIMENTAL 
1-(3-chloropropy1)-3-(pyren-1-yl methy1)urea (4-1). Under argon, 1- 

pyrenemethylamine hydrochloride (3,00g, 11.20mmol) and sodium ethoxide (0.84g, 

12.32mmol) was stirred in 200ml dry DMSO for 1 hour at room temperature. 3- 

Chloropropyl isocyanate (1.26m1, 12.32mmol) was added to the vessel and stirring 

continued for a further 12 hours at room temperature. A dense white solid was obtained 

by filtering the mixture. The solution was cooled on ice and 200ml water at O°C was 

added slowly yielding a white ppt. After filtering, the filtrate was washed 3 times with 

20ml aliquots of 0 "C de-ionised water and 3 times with 1 Om1 aliquots of MeOH at 0 OC. 

Upon drying, 3.01g (77%) of 4-1 was obtained as a white solid. mp: 195-200 OC. IR 

(KRr): 3320, 1619, 655 cm-'. 1H NMR (400MHz, CD3COCD3): 8.00-8.50 (m, 9 H, 

Arm, 6.56 (t, 1 H, ArCH2NH, J = 5.6), 6.12 (t, 1 H, CH2CH2NHC0, J = 5.6), 4.96 (d, 2 

H, ArCNzNH, J =  5.6), 3.65 (t, 2 H, CH2CH2C1, J =  6.4), 3.18 (m, 2 H, NHCH2CH2, J =  

6.4), 1.85 (m, 2 H, CH2CH2CH2, J = 6.4). 13c NMR (SOME-Iz, CD3COCD3): 158.4, 

134.7, 131.2, 130.7, 130.3, 128.3, 127.8, 127.2, 126.6, 125.5, 125.1, 124.4, 124.3, 

123.6, 43.4, 41.5, 40.7, 37.2, 33.3 ppm. ESI MS +m/e 373.2 ([M + ~ a ' ] ,  calcd 373.1). 

Anal. Calcd for C21H19C1N20: C, 71.89; H, 5.46; N, 7.98. Found: C, 71.94; H, 5.14; 

N, 7.77. HPLC purity: 96.0%. 

1-(2-bromoethy1)-3-(pyren-1-yl methy1)urea (4-2). Under argon, 1- 

pyrenemethylamine hydrochloride (10.00g, 37.35mmol) and sodium ethoxide (2.80g, 

4l.lOmmol) were stirred in 700ml dry DMSO for 1 hour at room temperature. 2- 



Bromoethyl isocyanate (3.71m1, 4l.lOmmol) was added to the vessel and stirring 

continued for a further 12 hours at room temperature. The solution was cooled on ice 

and 700ml water at O°C was added slowly yielding a white ppt. After filtering, the 

filtrate was washed 3 times with 50ml aliquots of 0 "C de-ionised water and 3 times 

with 20ml aliquots of MeOH at 0 OC. Chromatography on silica gel with EtOAc-hexane 

(113) as eluent gave 3.298 (23%) of 4-2 as a white solid. mp: 155-160 "C. IR (KBr): 

3322, 1622, 626cm-I. 1H NMR (400MHz, CD3COCD3): 8.00-8.50 (m, 9 H, ArH), 6.84 

(t, 1 H, ArCH2NH, J = 5.6), 6.35 (t, 1 H, CH2CH2NHC0, J = 5.6), 5.00 (d, 2 H, 

ArCH2NH, J = 6.0), 3.66 (t, 2 H, CHzCH2Br, J = 6.2), 3.43 (in, 2 H, NHCH2CH2, J = 

6.2). 13cNMR (SOMHz, CD3COCD3): 157.9, 134.1, 130.9, 130.2, 129.8, 127.7, 127.3, 

126.9, 126.2, 125.1, 124.5, 123.9, 123.0, 44.5, 41.2, 41.0 ppm. ESI MS +m/e 383.1 ([M 

+ H'], calcd 383.1). HPLC purity: 95.4%. 

25,26,27,28-tetrakis[[N-(l-pyrenylmethylureido)ethyl]oxy]calix[4]arene (4-3). 

Under argon, calix[4]arene (1.00g, 1.54mmol) and K2C03 (0.85g, 6.16mmol) were 

heated in IOOrnl DMF for 3 hours at 70 "C. 4-2 (2.368, 6.16mmol) was added and the 

reaction progress monitored by HPLC. No further reaction occurred after 2 days. The 

solution was cooled on ice and 100 ml de-ionised water at 0 OC was added to yield a 

beige ppt. The product was extracted from the solid with 3 lOml aliquots of 

chloroform. The combined chloroform aliquots were washed with 3 lOml aliquots of 

de-ionised water. The resultant chloroform layers were combined, dried with Na2S04 

and reduced to 21111 by evaporation. This solution was shown to contain 37% 4-3 by 

HPLC. Purification by semi-preparative HPLC gave 0.04g (2.03%) 4-3 as a white 

solid. The SP-HPLC purification and isolation method used is described in detail in 

chapter 6. rnp: 190-191 "C. IR (KBr): 3320, 1690cm-I. IH NMR (400MHz, 



CD3COCD3): F 8.30-7.91 (m, 36 H, ArH, pyrene), 8.30-7.91 (t, 4 H, urea), 8.30-7.91 (t, 

4 H, urea), 7.84 (d, 4H,ArH), 7.55 (d,4H,ArH),  7.68(m, 4H,ArH)), 5.11 (d, 8 H ,  

ArCHzNHCO, J =  5.6), 5.02 (s, 8 H, ArCHzAr), 4.54 (t, 8 H, NHCH2CH2, J =  6.8), 4.07 

(t, 8 H, NHCH2CH20, J =  6.8). I3c NMR (SOMHz, CD3COCD3): 153.8, 152.2, 135.8, 

133.9, 132.6, 132.07, 131.4, 129.9, 128.9, 128.7, 128.4, 128.0, 127.3, 126.5, 126.2, 

126.0, 125.8, 124.5, 124.2, 66.1, 49.3, 44.7, 42.8 ppm. Anal. Calcd for CI08H88Ns08: 

C, 79.78; H, 5.46; N, 6.89. Found: C, 80.10; H, 5.1 1; N, 6.86. HPLC purity: 97.8%. 

Method for analytical and semi-preparative HPLC. HPLC was carried out using a 

HP1050 instrument with UV detection. Mobile phase used was HPLC grade methanol 

in isocratic mode. Chloroform served as the sarnple solvent. Detection wavelengths 

were 210nm and 340nm. For analytical HPLC, a Synergy 150.0 x 2.0mm, 4pm 

Fusion-RP column was used. Flowrate was 0.2mllmin. Injection volume was 10pl. 

For semi-preparative HPLC, a Synergy 250.0 x 10.0mm, 1Opm Fusion-RP column was 

used. Flowrate was 5.0mllmin. Injections volume was 100pl filtered sample. Fraction 

collection was carried out manually or with a Gilson 204 fraction collector in 

automation mode. 

For LC-MS and direct injection MS work, a BrukerIHewlard-Packard Esquire system, 

using a positive ESI source and the software's default 'smart' settings. For direct 

injection MS work the solvent used was MS grade acetonitrile with a 0.25% formic 

acid content. 

General details for absorption and fluorescence studies. UVIVis absorption spectra 

were recorded using a Perkin Elmer model Lambda 900 UV-Vis spectrophotometer. 

Fluorescence spectra were recorded with a Perkin Elmer luminescence spectrometer 

model LS5OB. In all cases, lcm quartz cuvettes were used. 1 x 1 0 5 ~  stock solutions of 



4-1, 4-2 and 4-3 were prepared in acetonitrile-chloroform (95:5 v/v). For ratiometric 

complexation studies, 0.01M stock solutions of the tetrabutylammonium salt of each 

anion were prepared in acetonitrile-chloroform (95:5 v/v). For all fluorescence work, an 

excitation wavelength of 340nm was chosen with excitation and emission slits at 3nm 

unless stated otherwise. For fluorescence titrations and dynamic response time 

measurements, 1 x 1 0 6 ~  solutions of 4-3 were used, adding the appropriate volume of 

the 0.01M chloride stock solution. From the change in excimer (452nm) to monomer 

(398nm) ration with chloride added, the association constant was calculated by non- 

linear regression analysis and the fitting of experimental data with a standard 

fluorescence equation by minimizing the sum of square residuals. The standard 

Microsoft Excel add-in SOLVER was used. The LOD of chloride for 4-3 was 

calculated by observing the decrease in excimer and increase in monomer emissions of 

decreasing concentrations of 4-3, upon addition of chloride. The LOD was considered 

the lowest concentration of chloride that caused a change in both the monomer and 

excimer intensities, greater than three times the standard deviation of the baseline noise 

intensities of free 4-3. Excitation and emission slits were 15nin for LOD work, the 

maximum permissible by the instrument used. 

Procedure for binding site investigation by 'H NMR. A 1.6mM solution of 4-3 in 

deuterated acetone was prepared. To lml of this solution, 300 equivalents of 

tetrabutylammoniuin anion were added and the main chemical shifts noted. 

Temperature degradation study of 4-1,4-2 and 4-3 by 'H NMR. A 1.6mM solution 

of each compound in the relevant NMR solvent was placed in a temperature control 

oven in anhydrous conditions and left for 12 hours at incremental temperatures between 

30°C and 100°C. Following a return to room temperature, the spectra were examined 

for changes. 



5. Chapter 5 Nitrile 
Calix[4]arenes for Soft Metal 

Analysis 

5.1 ABSTRACT 
The current work is amongst the first to examine the potential usefulness of the nitrile 

functional group in potentiometric analytical sensors for soft metals. Nitrile 

functionality has hereby been incorporated into a calix[4]arene skeleton to give a series 

of new cation selective hosts. The analytical sensing behaviour of these hosts was 

examined by Ion Selective Electrode (ISE) based potentiometry. In all cases a 

preference for soft metals was observed, explained primarily in terms of soft-soft 

compatibility between calix[4]arene nitrile hosts and metal guests in combination with a 

classical 'lock and key' best fit mechanism. Hosts 5-1, 5-4 and 5-6 showed very strong 

responses towards Hg(I1) ions, with Ag(1) being the main interferant. The introduction 

of electron delocalising aromaticity proximal to the nitrile functionality was thought to 

reduce the availability of negative charge for cation coordination, apparently affecting 

the Hg(I1) cation in particular. An acute fall in Hg(I1) response coupled with the 

emergence of Ag(1) as the primary ion was observed for 5-7 and 5-8. This chapter 

again demonstrates how the structural change of an ionophore was correlated with a 

change in analytical sensing signal. 



5.2 INTRODUCTION 

5.2.1 Nitriles as soft donor groups and their incorporation into complex forming 
hosts 
Typical soft donor atoms are sulphur and nitrogen, made soft by their relatively 

polarizable nature. Hard electron donor groups will interact with hard analyte acceptors 

and conversely, soft electron donor groups will show a preference for complexing soft 

analyte acceptors, according to a well established rationale2". 

Relatively little reference is made in the literature to the cation coordinating ability of 

nitriles in analytical sensors. The nitrile functional group resembles an alkyne, except 

that a hydrogen is replaced with a tightly held sp-hybridised lone pair on the nitrile 

nitrogen. Figure 5.1 shows the most common interaction mode of nitriles with metals. 

Figure 5.1. Nitriles as cr-donors for metal coordination with a nitrogen lone pair 
(complex with K+ shown). The model's atoms are sized according to Debye-Hiickel 
partial charges. Red and blue colour intensity signifies the magnitude of positive and 
negative charge respectively. 

The weak o-donor ability of the nitrile nitrogen lone pair is involved in coordinating 

cations2''. In addition the highly polarizable n-systems of the nitrile groups induce a 



preference for soft metal guests. The complex model in Figure 5.1 has atoms sized and 

coloured according to Debye-Hiickel partial charges. This reveals the strong coulombic 

positive charge of the metal ion and the more subtle negative dipole charge on the nitrile 

nitrogen. The interaction depicted is classed as an electrostatic ion-dipole interaction. 

The basicity of a typical nitrile such as acetonitrile is pKb - 24 (pK, - -1). This makes 

the nitrile group very weakly basic, also explaining its general inertness and stability. 

Acetonitrile for example, a common solvent, is considered stable and widely used in the 

laboratory. One common reaction of nitriles is hydrolysis to a carboxylic acid202. A 

strong acid is required for this transformation due to the weak basicity of the nitrile lone 

pair. Organonitriles have been reviewed as versatile and convenient starting materials 

for organic chemists203. Their stability coupled with versatility mean they offer much 

potential for the designer of complex supramolecular host compounds. 

Some authors suggested that the ability to reversibly and continuously monitor a target 

analyte are apt requirements in the definition of a "sensor"35. Where an irreversible 

process takes place like in a medical test strip for pregnancy or cardiac infarction, the 

term "probe" is more appropriate. For further examples such as industrial scrubbers or 

other multiphase extraction systems, reversible guest binding is not a core issue and so 

such applications cannot be labelled as "sensors". 

5.1.1 Combining nitrile functionality with calixarene scaffolds: From probing to 
sensing soft cations. 
The general discussion in chapter 1.8 highlights the fact that most of the applications of 

calixarenes to date have been for hard cation sensing, namely group I and group I1 

cations in the periodic table. Similar but somewhat less celebrated success was 

achieved when soft donor groups are used. Selectivity has been observed for softer 

204-206 cations (e.g. transition metals, lanthanides and heavy metals) . 



In previous cases where nitrile groups have been incorporated into a molecillar 

backbone such as a calixarene or a bis-calixarene, these compounds have been used (in 

monomeric form or allached to a polymer backbone), to perfarm multiphase extraction 

experiments of metals 14-1 6,207,208 . HgIJT) in particular was found to be extracted well in 

most cases. The best Hg(1I) selectivity was observed for the alky! nitrile sub~tf tuents~~.  

Aryl nitrile substituents enabled a deEocalisation of nitrile electrons over the proxjmal 7t- 

electron cloud leading lo less pronounced selectivity. 



Monomers: 

(Gungor, 2005) (Alpoguz, 2003) 

(Alpoguz, 2002) 

Polymer linked: 4 7 - c ~ ~ ) ~  

(Memon, 2002) (Gungor, 2005) 

Figure 5.2. A sample of the nitrile calix[4]arenes in the literature used for Hg(I1) 
recognition by liquid-liquid extraction. 



Figure 5.2 reveals a selection of the Hg(I1) selective nitrile calix[4]arenas appearing in 

the literature. The study of these compounds revolves almost exclusively around liquid- 

liquid transport experiments. 

The synthesis of the asymmetric (two types of lower rim appendage of varying length) 

tetranitrile calix[4]arene 5-1 was previously de~cr ibed"~  and is detailed in chapter 6. 

Wall attempted the synthesis of an equivalent asymmetric tetraester based on the well 

known 5-2. This reaction proved very difficult, and resulted in a tetracarboxylic acid 

instead of the anticipated ester In contrast, the relative inertness of the nitrile 

functional group may be the reason for much greater yields of the equivalent nitrile 

compound 5-1. 

LC-MS monitoring of the reaction mixture revealed that 5-1 was stabilised by 

ammonium ions, probably originating froin the synthetic workup. This was interesting, 

as sodium or potassium stabilised molecular ions are far more cominon in the mass 

spectrometry of c a l i x a r e n e ~ ~ ~ ~ .  Initial potentiornetric screening of 5-1 confirmed the 

absence of sodium selectivity. This prompted the screening of 5-1 and related alkyl 

nitrile calix[4]arenes 5-4 and 5-6 by potentiometry for response towards a 

comprehensive range of hard and soft cations. A pattern of marked selectivity for 

Hg(1I) and Ag(1) was thus revealed. The structural variants of these hosts, 5-7 and 5-8 

showed how this selectivity could be tuned. The importance of sensing with 

reversibility is intrinsic for potentiometric analysis. 

5.1.2 Hg(II) sensing using lzosls without nitrile functionality 
Electrochemical Hg(I1) sensors (showing reversible analyte recognition) developed 

recently include an ISE of a calix[4]crown based on imine2", an ISE of a mercapto 

based system with it's soft nitrogen and sulphur donors2I2 and a more classical thia- 

214,215 crown ether based I S E ~ ' ~  amongst others . Several charged compounds used in 



electrodes for Hg(l1) detection have also been reported2162''. There are nurnerous 

optical Wg(ll) sensor compounds, which are largely solution chanc t e r i~ed~~~~" '~~ .  No 

Hg(1l) or Ago) reversible sensing, based on nitrile ftinctional groups, has been repatted 

in the literature to date to the best o f  out knowledge. 

A broad selection of Hg(l1) selective hosts in the literature is shown in Figure 5.3. 



Fotentiometric Sensors: 

(Fakhari, 1997) 

(Martinez, 2005) 

Figure 5.3. Hg(1I) selective hosts without nitrile functionality used for reversible 
sensing. 



The early work on Hg(I1) coordination involved solvent extraction experiments using 

230-233 macrocyclic polythiaether ligands . These studies revealed Ag(1) as the main co- 

extractant (equivalent to interferant in sensor terms). Furthermore, recent developers of 

Hg(I1) sensitive compounds often implicate Ag(1) as a major co-analyte 35,211,234-236 

Some of the recent publications on mercury extraction and to a lesser extent sensor 

reports omit testing for a Ag(1) response. From a supramolecular point of view in 

addition to a practical point of view, Ag(1) interference studies cannot be omitted. 

5.1.3 An inlroduction to melrury(1I) and silver(I) 
Hg(I1) has no biological role in the body and is a toxic contaminant in waste waters 

around the world with severe associated health and environmental risks145. Mercury can 

affect the central nervous system and cause fetal deformities. In history it was used in 

elemental form for a variety of purposes such as treating skin conditions, a household 

antiseptic, treating syphilis and even as a beauty aid. Needless to say undesirable side 

affects were common. Today, sources of mercury are from industrial uses of mercury 

including electrolysis of sodium chloride and electrical devices. Dentistry uses mercury 

for fillings. Agricultural applications include the treatment of seed corn against fungus 

although this practice is being phased out. 

Ag(1) has no biological role in the body. It is particularly toxic to lower organisms'45. 

The high levels of hydrochloric acid in the stomach precipitate most Ag(1) thereby 

rendering it relatively harmless to humans, although irritations and death can occur in 

some cases. Historically uses of silver were manifold from curing warts, preventing 

blindness to anti-smoking tablets. Today, the main sources of silver are from 

photography, electrical goods, cutlery and jewellery. Dentistry also employs silver. 

The most promising future application is to kill antibiotic-resistant strains of infection. 



Despite being less toxic to humans than Hg(II), Ag(I) is an industrially important ion 

236-241 and must be of interest to the designer of soft metal sensors . 

The Hg(I1) ion prefers to form linear 2 coordination complexes whereas Ag(I) is able to 

adopt a wide variety of complex geometries and hence is found in numerous forms242. 

In the context of the current work, Ag(1) was previously shown capable of forming 

linear complexes with nitrile calixarenes by crystallography243. Ag(1) salts dissociate 

much more readily than say the very stable Hg(I1) chloride in water and were found to 

coordinate to ligands much more readily in this dissociated form244. Ions rich in d- 

electrons, forming complexes with low coordination numbers are particularly common 

to the right of the d-block in the periodic table242. The best known linear 2 coordination 

complexes formed at ordinary laboratory conditions are from ions of group 11 and 12, 

the homes of silver and mercury respectively. These factors may explain why the soft 

ions Ag(1) and Hg(I1) are often encountered as co-analytes. 

Relatively little reference is made in the literature to the cation coordinating ability of 

the soft nitrile functional group in analytical sensors. The use of nitrile functionality in 

calixarene (or other scaffolds) based Ion Selective Electrodes (ISEs) has not been 

reported to date to the best of our knowledge. 

The aims of thc current work were, using potentiometry to (1) investigate the mode of 

binding towards metals of a series of nitrile calixarenes and colnpare selectivity patterns 

(2) change ISE membrane parameters like polarity and host structure and correlate these 

changes to an analytical signal (3) discuss viability of calix[4]arene nitriles for use in 

chemical sensors for sofi metals by focussing particularly on reversible and selective 

analyte detection and (4) to allude to future work and structural tuning strategies for 

synthesising improved supramolecular hosts with nitrile functionality. 



5.3 RESULTS AND DISCUSSION 

5.3.1 $p~fItesis 
The synthesis of 5-4 and 5-6 wcre carried out according to Scheme 5.1 and Scheme 5.2 
respectively. 5-1, 5-2, 5-7 and 5-8 wcre synthesised elsewhere as detailed in the 
experimental section (structures in Figure 5.4). 

Scheme 5.1. The synthesis of 5-4. 

K2C03 NaH 

BrCH2CN 
DMF, 80°C CH3CN, A 

5-3 

Scheme 5.2. The synthesis of 5-6. 

NaH 

CH3CN, A 
OH OH OH 

5-5 5-6 

Figure 5.4. Structures of calixarenes 5-1, 5-2, 5-7 and 5-8. 



Neutral hosts 5-4 and 5-6 are asymmetrically tetrasubstituted on the lower rim, each 

containing four alkyl groups. In each case, two of  the alkyl chains terminate with nitrile 

groups. The two possible cation binding sites within each of these compounds are the 

four hard phenoxy oxygens just below the caljxal.ene's annulus and the two soft nitrile 

groups, either of which may interact wit11 cations. Host 5-4 contains the two possible 

binding sites in close proximily, thus allowing possible cooperative binding between the 

two sites. Host 5-6 contains the two sites at a greater distance from each other and so in 

contrast a cation guest is more likely la interacl with one or the other. The othet host 

calixarenes discussed in the current report are shown in Figure 5.4. 

5.3.2 The pottnfiontctry of ISEs confainitrg 5-1, 5-4 ant/ 5-6 
Figure 5 .5  higl~ligl~ts some of the ISE potentials observed when 5-1 was screened 

separately with a selection of cations in aqueous solution of  specific activity, jog a = - 
2.3. These responses were compared to the response of a blank membrane, wl~ere no 

ionophore is present. 



Figure 5.5. The 
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It can be seen that 5-1 shows a strongly enhanced response towards Hg(II), Ag(1) and to 

a lesser extent Cu(I1). Conversely, all other cations reveal a reduced response compared 

to the blank (Hofmeister series) membrane. The most dramatically enhanced response 

is observed for Hg(I1). The selectivities of ISEs are expressed formally by selectivity 

coefficients, K:' , based on the Nernst equation2022. Using the Separate Solutions 

Method (SSM), the selectivities were calculated for 5-1, 5-4 and 5-6. Table 5.1 shows 

selectivity coefficients for a comprehensive range of cations tested. 

w 

0 - Blank lonophare 

log a -2.3 

** 
The typical concentration of divalent cations, equivalent to log a = -2.3, is 1 0 " ~ .  
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Host 5-1 5-6 5-4 5-1 

Plasticizer NPOE NPOE NPOE DOS 

H ~ ~ +  0 0 0 0 

~ g +  -0.19h0.07 0.95*0.14 -0.25d~0.12 2.25k0.10 

P bZ+ -7.86h0.07 -7.20h0.00 -7.03*0.14 -3.02k0.02 

cu2+ -7.OOS0.09 -7.73k0.02 -6.56+0.19 -1.62*0.03 

co2+ -8.21h0.10 -7.74*0.14 -8.03*0.07 n/a 

cd2+ -9.41+0.07 -8.64h0.02 -8.84&0.12 -5.04*0.03 

zn2+ -8.82h0.07 -8.88h0.02 -9.32*0.12 -4.75*0.02 

H' -5.52hO. 14 -5.02&0.02 -5.OOh0.33 0.72*0.02 

M~~~ -9.32*0.05 nla n/a n/a 

ca2+ -8.82*0.05 n/a n/a nla 

~ i +  -7.48*0.05 nla n/a n/a 

K' -3.91*0.07 -2.49k0.02 -3.45k0.24 0.72*0.02 

~ a +  -6.23k0.08 -4.94*0.00 -5.3 1AO. 19 -0.25+0.02 

Note: I is the primary ion ]-I$* and J is the interferant specified. 
The Separate Solutions Method (SSM) was used where log a~=loga~=- 

2.3. Reproducibility based on three ISEs. n/a = Data not available. 

Table 5.1. Selectivity Coefficients, log ICE:., , for 5-1, 5-4 and 5-6, calculated using 

the Separate Solutions Method (SSM). 

The very strong selectivity towards silver (I) and mercury (IT) is immediately apparent 

from Figure 5.5 and confirmed in Table 5.1. It is thought that that perhaps the nitrile 

functionality of the current host series dictates the response rather than the phenoxy 

oxygen atoms, which is consistent with the predicted conformation from theoretical 

models (Figure 5.6). 

The theoretical molecular models in Figure 5.6 shows the well-established the classic 

calixarene cone conformation adopted by 5-2, which facilitates the selective binding of 

sodium ions by tetraester 5-2, involving phenoxy and ester carbonyl, oxygens by a well 

established complexing mechanism (chapter 1.1 1). Conversely, the energy miniinised 

structure of the Hg(I1) complex of 5-1 (and related calixarene nitriles) suggests that 



binding occurs by association with nitrile fhctional groups as seen in Figure 5.6. This 

example of 5-1 coordinating a cation shows a more peripheral cavity binding at a 

greater distance from the annulus, not significantly involving the calixarene phenoxy 

oxygen atoms. Apart from molecular model, the complexing mode of 5-1 is supported 

by the assertions that Hg(I1) ions are too big to occupy the calix[4]arene vaity as sodium 

does in the case of 5-2. Furthemore, Hg(I1) is likely to prefer a soft-soft ion-dipole 

interaction with the nitrile nitrogens. 

Figure 5.6. Molecular models showing the general modes of complexation of 5-1 with 
Hg(I1) and 5-2 with Na(1). 

The cone conformation of calix[4]arene 5-1 was initially confirmed by its 'H NMR 

A pair of doublets at 4.33 and 3.28ppm, correspond to the protons of the 

methylene groups linking the central benzenes (Figure 6.1). This suggests a cone 

conformation according to a method of determining calix[4]arene conformation 

described by ~utsche*'. Furthermore the upper rim p-tert-butyl groups and lower rim 

substituents of 5-1 are likely to prevent significant deviation from the cone 

conformation by blocking free rotation of benzenes through the central cavity. The 



cone conformation was prevalent for all other calix[4]arenes discussed in this chapter 

also and was confirmed using NMR data. 

5.3.3 Modifying ISE response by changing membrane polarity 
The selectivity of an 1SE can be modified by a number of strategies2'. For example ISE 

membrane polarity can influence selectivity. Selectivity for divalent cations is generally 

enhanced in more polar membrane phases245. The polarity of the ISE membrane of 5-1 

was changed by changing the plasticizer from NPOE (dielectric constant E, = 23.9) to 

DOS ( E ~  = 3.9). This spans the majority of the polarity range of common ISE 

plasticizers. 

Figure 5.7. Potentials of an ISE based on 5-1 screened with a selection of cations, each 
at log a = -2.3. Membranes based on high polarity NPOE and low polarity DOS 
compared. 

350 - "'+ 

From Figure 5.7 it can be seen that the resultant ISE potentials observed were lower and 

more closely merged for DOS membranes in general accompanied by somewhat more 

reduced selectivity as seen in Table 5.1. The interference from group I metals like 

sodium and potassium is much greater for DOS membranes with log Kr' values 

increasing by approximately six and five orders of magnitude respectively compared to 
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NPOE based membranes. Similarly, proton interference was a greater factor with DOS 

membranes indicative of greater pH sensitivity. These observations are due to a much 

smaller margin of response between Ag(I)/Hg(II) and other cations when DOS 

plasticizer was used instead of NPOE (Figure 5.7). In light of these observations, it was 

decided to use only NPOE for all further ISE work on Hg(II)/Ag(I) selective systems 

based on further receptors. 

5.3.4 Reversibility of a potentiometric sensor and Donnan failure 
Table 5.2 reveals the ISE titration slopes obtained for Ag(1) and Hg(I1) of the ISEs 

tested. 

Host Ion Range Slope Donnan Plasticizer 
(1% a) (mvldecade) Failure (log a) 

5-1 H ~ ~ +  NPOE -4.04-1 .O  +49.7 -1.6 

5-1 H ~ ~ +  DOS -4.0-+-I .O +29.0 -1.6 

5-4 H~~~ NPOE -4.04-  1 .O +46.1 -1.6 

5-6 H~~~ NPOE -4.O+-1.0 +37.0 -1.6 

5-1 Ag+ NPOE -4.O+-1 .O +56.9 NO 

5-1 Agf DOS -4.04-1 .O +54.8 NO 

5-4 Ag+ NPOE -4.O+-1 .O +55.2 NO 

5-6 ~ g +  NPOE -4.04-1 .O +53.4 NO 

Note: NO=Not Observed. Theoretical Nernstian slopes are 59.6 and 29.3mVldecade 
for mono and divalent ions respectively. 

Table 5.2. Characteristics of ISEs based on 5-1, 5-4 and 5-6 for the indicated activities. 

This ISE data was used to shed light on the complex formation process specifically. A11 

slopes obtained for Hg(I1) were super-Nernstian, except for the DOS membrane. 

Concurring with the slope values for mercury(I1) is the abrupt Donnan failure (Figure 

5.8) of the titration curves at higher concentrations of Hg(I1) (log a - -2.0) . 



+ 5-1 (NPOE) = 5-1 (DOS) A 5-4 (NFOE) x 5-6 (NPOE) 

Figure 5.8. ISE titrations of 5-1, 5-4 and 5-6 showing Donnan failure occurring at 
higher cation concentrations. 

Donnan failure is caused by the co-extraction of counter ions of measured ions and can 

be symptomatic of very high affinities of an ISE towards the measured ion. 

The complex formation process is known to be a major perpetrator causing Donnan 

failure with high analyte affinity or complex stabilities (i.e. binding constants) lowering 

the upper concentration limit at which the phenomenon takes place246. When 

developing a potentiometric sensor from a host compound, Donnan failure and its 

causes, as observed, would certainly impair the process of optimising the lower limit of 

detection (LOD) below the frequently observed classical LOD in the pM region. In 

addition, such a sensor would show poor reversibility 22,29,122 

Donnan failure and/or super-Nernstian slopes were observed for 5-1, 5-4 and 5-6 in 

response to Hg(I1) in all cases at log a - -2.0, regardless of membrane polarity. The 

phenomenon was further probed in the case of 5-1. Figure 5.9a shows the dynamic 

response when an ISE containing 5-1 was placed from water into a 1 0 2 ~  solution of 

H~~~ and placed directly back into water. Even after 1.5 hours, the sensor had not 

recovered its starting potential. Analogously, an ISE of 5-1 conditioned and filled with 



0.01M HgC12 instead of 0.01M NaCl showed very little sensitivity towards Hg(I1) over 

a large concentration range (Figure 5.9b). It was concluded that after a first exposure of 

the membranes to Hg(II), subsequent ISE titrations would show a suppressed Hg(I1) 

response. This is due to the pre-loading of membranes with Hg(I1) and slow 

reversibility. Therefore, in order to show unbiased selectivity coefficients, a non- 

primary salt, NaC1, was generally used for ISE filling and conditioning for the current 

workz2. 

Ibl 4ua 

LLI 2nu 
-8 - 7 - 6 -5 -4 -3 -2 - 1 

log a Wg2t) 

+ Mercury filling and conditioning 

Sodium filling and conditioning 
- 

1 

Figure 5.9. (a) The dynamic recovery of an ISE of 5-1 after exposure to 0.01M HgC12: 
Partial recovery after 1.5 hours. (b) The reduced sensitivity of an ISE of 5-1 with HgC12 
filling and pre-conditioning . 



5.3.5 Modifying ISE response by changing ionophore structure 
Another strategy to change the ISE sensor characteristics was to structurally modify the 

ionophorelhost itself to modulate the interaction with guests. For example to lower the 

Hg(I1) affinity or improve Ag(1) selectivity, strategies had to be applied to weaken the 

affinity of nitrile calix[4]arenes towards mercury (11) ions. 

Hosts 5-4 and 5-6 contain only two instead of the previous four possible coordinating 

nitrile groups. It was thought that this would generally reduce complex stability. 

Furthermore, 5-4 has a smaller and more rigid lower rim cavity than 5-6, which has 

longer alkyl nitrile appendages yielding a larger more flexible cavity. 

The availability of somewhat more confined preorganised cavities in 5-1 and 5-4, with 

nitriles closer to the calix[4]arene annulus, may have resulted in the near identical 

selectivities towards Hg(I1) observed (Table 5.1), with marginal selectivity over Ag (I) 

for both hosts. Conversely, 5-6 showed a modest selectivity for Ag(1) over Hg(I1). The 

larger silver ion may favour the greater flexibility of the two nitrile groups in the cavity 

of 5-6, Table 5.3 compares the ionic radii of some selected cations247. 

Ion Radius (pm) Coordination 

K+ 138 VI 

~ a +  102 VI 

H~~~ 102169 VIIII 

A ~ +  115167 VIIII 

Table 5.3. Ionic radii of selected cations. 

Unlike with Hg(II), 5-1, 5-4 and 5-6 yielded Nernstian or near Nernstian slopes for 

Ag(1) and Donnan failure was not observed in the activity ranges of titrations carried 

out. 

By and large, Hg(1I) selectivity values over other cations are quite similar for 5-1, 5-4 

and 5-6 (Table 5.1). Lowering the number of nitriles from four to two did not yield a 



noticeably weaker Hg(I1) interaction. As Hg(I1) ions are known to preferably form two 

coordinate linear complexes248, the tetrahedral arrangement of nitrile functionality 

offered by 5-1 may not necessarily lead to stronger complex formation compared to di- 

nitriles 5-4 and 5-6. 

In order to maintain the selectivity of Ag(l)/Hg(II) over the other cations but to 

discriminate more between them, hosts 5-7 and 5-8 were synthesised. These structures 

introduce aromatic moieties proximal to the nitrile functionality (Figure 5.4), and, in 

addition, each lower rim benzene ring contains two nitrile groups, the idea being that 

one nitrile of each benzene ring would serve as guest coordinator whilst the other nitrile 

group and benzene ring would serve as electron withdrawing and delocalising agents 

respectively. It was hoped that the net effect would be to weaken the affinity for cations 

of these hosts by reducing the availability of negative charge. It was thought that this 

would suppress the excessive Hg(I1) affinity previously observed and possibly induce 

discrimination between Ag(1) and Hg(I1). With the large margin of selectivity of 

Hg(II)/Ag(I) previously enjoyed over the other cations for 5-1, 5-4 and 5-6, a modest 

loss in overall selectivity could be sustained. 

Figure 5.10 compares the response of ISEs containing 5-7 and 5-8 to a blank membrane 

providing an overview of ISE performance. 
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Figure 5.10. The comparison of potentiometric responses of a blank membrane with a) 
5-7 b) 5-8. The potential change is for the specified anion at activity log a -2.3. 

Table 5.4 shows the selectivity values obtained for 5-7 and 5-8, from ISEs prepared in 

an identical fashion to the other receptors described. 



Host 5-7 5-8 

Plasticizer NPOE NPOE 

H ~ ~ +  -5.09*0.05 -3.26*0.02 

Ag+ 0 0 

pb2+ -4.50k0.02 -2.25*0.12 

cu2+ -4.90zk0.02 -3.07zk0.14 

co2+ -4.57zk0.03 -2.80zk0.11 

cd2+ -4.96*0.04 -2.63k0.04 

2n2+ -5.09k0.04 -2.80k0.06 

H' -3.86k0.05 -2.29k0.06 

M~~~ -6.66*0.10 -3.07A0.07 

ca2+ -6.1 1kO.10 -2.4950.02 

~ i +  -4.OOzk0.01 -2.46A0.05 

K' -1.78*0.03 -1.26h0.03 

~ a +  -3.38&0.03 -2.09&0.01 

Note: I is the primary ion and J is the 
- 

interferant specified. 
The Separate Solutions Method (SSM) was 

used where log a,=loga~=-2.3. 
Reproducibility based on three ISEs. 

Table 5.4. Selectivity Coefficients, log K:;+J, for 5-7 and 5-8, calculated using the 

Separate Solutions Method (SSM). 

What is immediately apparent from these results was the suppression of Hg(I1) 

sensitivity but maintenance of the Ag(1) response for both ionophores. 

Interestingly, selectivities are more uniform in the case of 5-8 and the margin of 

selectivity of Ag(1) over the other cations is greater for 5-7 (e.g, log K :;Hg,+ of -5.1 and 

-3.3 for 5-7 and 5-8 respectively). Perhaps this is due to the larger more flexible cavity 

of 5-8 discriminating less between cations than the more rigid preorganised cavity of 5- 

7. The ISE characteristics of 5-7 and 5-8 (Table 5.5) confirmed that they are poor hosts 



for Hg(1I) as response slopes went from previously observed super-Nernstian to sub- 

Nernstian (Typically >+40mV/decade for - 5-4 and 5-6 compared to 

<+15mV/decade for 5-7 and 5-8). Furthermore, Donnan failure is absent in the activity 

ranges examined. Slopes closer to Nernstian values were observed for Ag(1) in all 

cases. 

Range Slope Donnan Host Ion (log a) (mvldecade) Failure (log a) 
5-7 H~~~ -4.0+-1.0 +14.8 NO 

Note: NO=Not Observed. Plasticizer used: NPOE. 

Table 5.5. Characteristics of ISEs of 5-7 and 5-8 at the indicated activities. 

To illustrate and compare the binding modes of the two structural classes of nitrile 

calix[4]arenes presented (with and without aromatic moieties proximal to nitrile 

functional groups), molecular models of Ag(1) complexes with 5-4 and 5-8 are shown in 

Figure 5.1 1 and 5.12 respectively as examples. 

Figure 5.11. The energy minirnised Ag(1) complex of 5-4 shown in both space filling 
(left) and normal (right) formats. 



Figure 5.12. The energy minimised Ag(1) complex of 5-8 shown in both space filling 
(left) and normal (right) formats. 

It is proposed that the influence of the delocalising ability of aromatic moieties proximal 

to nitrile functional groups dictates the selectivity patterns observed, more so than a 

size-exclusion phenomenon. This can be rationalised further fkom the models, where it 

can be seen that complexation of the large Ag(1) ion for example occurs at a distance 

from the calix[4]arene annulus for the nitrile calix[4]arenes, in what appear as quite 

flexible cavities lacking the rigid pre-organisation of the cavity in tetraester 5-2 for 

example. Physical encapsulation of the smaller sodium guest appears more complete in 

the case of 5-2 (Figure 5.13), as can be seen when comparing the space filling molecular 

models of 5-4,5-8 and 5-2. 



Figure 5.13. The energy minimised Na(1) complex of 5-2 shown in both space filling 
(left) and normal (right) formats. 

5.4 CONCLUSIONS 
The current work describes calix[$]arene host systems based on nitrile functional 

groups, which display excellent Hg(II)/Ag(I) selectivity over other cations. In the 

course of the work described, an 'overtuning' of host structure led to the near 

suppression of a formerly overly-strong Hg(I1) response, leaving Ag(I) as the primary 

analyte. In all cases changes in potentiometric ISE data could be correlated to the 

structural differences between hosts examined. ISEs were found to be an excellent tool 

for assessing selectivities of host systems, as they conveniently served to evaluate the 

work of the organic chemist whilst representing an analytical technique known to be 

readily implementable in real life practical sensors. 

It was found that structural modifications of the host ionophore had a more dramatic 

effect on selectivity patterns observed than changing other ISE membrane components 

like membrane plasticizer (affecting polarity). The positioning of electron withdrawing 

groups and delocalising aromaticity proximal to the coordinating nitriles (5-7 and 5-8) 

led to a dramatic suppression of the Hg(II) response observed before and a 



corresponding Ag(1) selectivity emerged. On the other hand, changing the number of 

nitrile groups available for binding and changing cavity dimensions (5-1, 5-4 and 5-6) 

did not appear to dramatically change the high affinity for Hg(I1). It is thought that 

Hg(I1) forms a two coordinate complex with two nitrile groups per calixarene host, 

perhaps in a tweezer like fashion. This is in agreement with the theory suggesting 

Hg(I1) ions ideally form linear two coordinate complexes. 

The structural fine tuning of present hosts is ongoing. In future, efforts could focus on 

modifying the chemistry proximal to the nitrile groups in a way that could yield a 

practical and reversible Hg(I1) sensor, by controlling the localisation of negative charge 

available for cation coordination. A further strategy could be to adorn other molecular 

scaffolds, apart from calixarenes, with presently under-exploited cation coordinating 

nitrile groups for the purpose of soft metal sensor development. 

5.5 EXPERIMENTAL 
The synthesis of hosts 5-1, ~ - 3 ' ~ ~  (chapter 6), 5-226, 5-7 and ~ - 8 ~ ~ ~  were described 

elsewhere. NaH used was a 60% dispersion in mineral oil. All reactions were carried 

out under argon. The name p-tert-Butylcalix[4]arene was used instead of the IUPAC 

name for convenience: 5,11,17,23-tetra-p-tert-butyl-25,26,27,28- 

tetrahydroxycalix[4]arene. 

HPLC was carried out using a HPI 100 with UV detection. For LC-MS and direct 

injection MS work, a BrulterIHewlard-Packard Esquire system, using a positive ESI 

source and the software's default 'smart' settings were used. Mobile phase used was 

isocratic LC grade Acetonitrile with 0.25% formic acid content. This also served as the 

sample solvent. A Synergy 150.0 x 2.0mm, 411m Fusion-RP column was used. 

Flowrate was 0.2mllmin. Detection wavelength was 210nm. Injections were 5p1 of 

O.5mglml sample. 



The general procedure for preparing ISEs and obtaining potentiometric data outlined in 

chapter 1.12 was followed. 

Energy minimised molecular models were generated using Chem3D pro v.8.0 software, 

using the MM2 forcefield method. 

5,11,17,23-Tetra-p-tert-butyl-25,27-bis[(cyanomethyl)-oxy]-26-28-bis [(butyl)- 

oxy]calix[4]arene (5-4). Calixarene 5-3 (2.0g, 2.76mmol) and NaH (0.22g, 5.52mmol) 

was stirred 1 h at room temperature in anhydrous DMF (100ml). 4-Bromobutane 

(0.82g, 5.52mmol) was added batch wise and the mixture was stirred at 75 OC for 24 h 

and a further aliquot of NaH and 4-bromobutane added as above. The reaction was 

monitored by HPLC-MS. After a further 24 h, the DMF was evaporated and the residue 

taken up in CH2C12 (200ml), washed with IN HCI (lOOml), H 2 0  (50ml), brine (50ml) 

and saturated NH4Cl (50ml) and dried with Mg2S04. After filtration the CHzC12 was 

removed to yield an oily solid. Upon washing with 20ml MeOH at O°C, 0.84g of a 

white solid was obtained: yield 37%; mp 165-170 OC; IR (KBr) 2174cm-' (CN); 'H 

NMR 6 7.16 (s, 4H), 6.42 (s, 4 H), 5.01 (s, 4H), 4.39 and 3.24 (ABq, 4H, J = 13.0), 3.78 

(t, 4H), 1.97 (m, 4H, J = 7.2), 1.49 (m, 4H, J = 7.6), 1.35 (s, 18H), 1.00 (t, 6H, J = 7.2), 

0.79 (s, 18H); I3c NMR 6 152.6 (s), 151.9 (s), 147.6 (s), 144.7 (s), 135.8 (s), 131.4 (s), 

126.1 (s), 124.6 (s), 117.2 (s), 76.1 (s), 57.8 (s), 34.8 (s), 33.6 (s), 32.5 (s), 31.6 (s), 31.0 

(s), 22.7 (s); 19.5 (s), ESI mass spectrum +m/e 861.4 ([M -t ~ a + ] ,  calcd 861.5); HPLC 

purity: 95.6%. Anal. Calcd for C56H74N2o4: C, 78.46; H, 8.94; N, 3.27. Found: C, 

78.42; H, 9.18; N, 2.90. 

5,11,17,23-Tetra-p-tert-butyl-25,27-bis[(cyanopropyl)-oxy]-26-28- 

dihydroxycalix[4]arene (5-5). p-tert-Butylcalix[4]arene (5.Og, 7.72mmol), K2CO3 

(1.28g, 9.26mmol) and bromobutyronitrile (2.41 g, 16.20inmol) was heated in CH3CN 

(80ml) at 80 "C for 5 days. The reaction was monitored by LC-MS. The solvent was 



evaporated and the residue taken up in CH2C12 (300mI), washed with IN HCI (lOOml), 

Hz0 (50ml) and brine (50ml) and dried with Mg2S04. CH2CI2 was evaporated and the 

residue was recrystallised from CHCldMeOH yielding 3.7g of a white solid: yield 61%; 

mp 295-300 OC; IR (KBr) 2250 cm-I (CN), 3406 cm-I (OH) ; 'H NMR 6 7.46 (s, 2H), 

7.05 ( s ,4H) ,6 .86(~ ,4H) ,  4.16and3.37(ABq, 4H, J =  13.0),4.09 (t,4H, J=5.6),  3.05 

(t, 4H, J = 7.2), 2.34 (m, 4H, J = 5.6), 1.27 (s, 18H), 1.00 (s, 18H); I3c NMR 6 150.3 

(s), 148.8 (s), 147.6 (s), 142.1 (s), 132.6 (s), 127.5 (s), 125.8 (s), 125.3 (s), 119.5 (s), 

73.3 (s), 34.0 (d), 31.8 (d), 31.0 (s), 26.6 (s), 14.2 (s); ESI mass spectrum +m/e 805.5 

([M + ~ a + ] ,  calcd 805.5); HPLC purity: 97.3%. Anal. Calcd for C52H66N204: C, 79.76; 

H, 8.50; N, 3.58. Found: C, 79.64; H, 8.44; N, 3.54. 

5,11,17,23-Tetra-p-tert-butyl-25,27-bis[(cyanopropyl)-oxy]-26-28-bis[(butyl)- 

oxy]calix[4]arene (5-6). Calixarene 5-5 (4.0g, 5.12mmol) and NaH (0.41g, 

10.2lmmol) was stirred 1 h at room temperature in anhydrous DMF (100in1). 4- 

Bromobutane (1.52g, 10.2lmmol) was added batch wise and the mixture was stirred at 

75 OC for 24 h and a further aliquot of NaH and 4-bromobutane added as above. The 

reaction was monitored by HPLC-MS. After a further 24 h the DMF was evaporated 

and the residue taken up in CH2C12 (200ml), washed with IN HCI (lOOml), H 2 0  (50ml), 

brine (50ml) and saturated N%Cl (50ml) and dried with Mg2S04. After filtration the 

CHzClz was removed to yield an oily solid. Upon washing with 40ml MeOH at O°C, 

3.89g of a white solid was obtained: yield 85%; mp 190-195 OC; IR (KBr) 2244cm-' 

( c N ) ; ' ~ N M R 6 7 . 0 6  (s,4H), 6.52(s,4H),4.30and3.17 (ABq,4H, J =  12.8),4.06 (t, 

4H, J =  7.2), 3.74 (t, 4H, J = 7.2), 2.64 (t, 4H, J = 7.6), 2.41 (m, 4H, J = 7.6), 1.86 (in, 

4H, J = 7.6), 1.49 (m, 4H, J = 7.6), 1.28 (s, 18H), 1.02 (t, 6H, J = 7.6), 0.88 (s, 18H); "C 

NMR F 153.4 (s), 152.3 (s), 145.5 (s), 144.3 (s), 135.1 (s), 132.1 (s), 125.6 (s), 124.7 

(s), 119.9 (s), 75.7 (s), 72.7 (s), 34.1 (s), 33.7 (s), 31.7 (s), 31.2 (s), 30.9 (s), 25.9 (s); 



ESI mass spectrum +m/e 917.4 ([M i- ~ a ' ] ,  calcd 917.5); HPLC purity: 97.5%. Anal. 

Calcd for C60Hg2N204: C, 80.49; H, 9.23; N, 3.13. Found: C, 80.50; H, 9.41 ; N, 3.0 1. 



6. Chapter 6 Developing an 
Efficient Instrumental 

Procedure for Isolating Pure 
Supramolecular Hosts 

6.1 ABSTRACT 
A simple analytical LC-MS (Liquid Chromatography-Mass Spectrometry) method and 

associated instrumentation has been adapted for use by the organic chemist to yield mg 

quantities of target compound from a reaction mixture. 

The isolation of pure 5-1 is described in detail to illustrate the approach used to develop 

a HPLC based purification regime. Following the success of this method, appropriate 

modifications were applied to isolate pure 3-1, 3-2 and 4-3. These are also described in 

this chapter. Chapter 6 focuses in particular on the purification aspects of synthesis. 

The classical organic components of synthesis aswell as the analytical properties of the 

hosts isolated, as relevant to the development of sensors, is described in other chapters. 

Calix[4]arene 5-1 was identified as representing 5 1% of total peak area of a reaction 

mixture containing no less than 10 components, using LC-MS. This peak corresponded 

to a mass of 878.8, equivalent to a complex of 5-1 and an ammonium cation. Molecular 

models further rationalise this observation by showing that the asymmetric binding 

cavity of 5-1 is suitable for binding tetrahedral guests like the ammonium ion. 

By scaling up the LC method, using analytical instrumentation, 55mg of 98% pure 5-1 

were isolated with a recovery yield of 90% in 1 hr. 

The methods described represent a powerfill and easily adapted tool for monitoring 

challenging synthesis, which combines identification, efficient separation and partial 

characterisation for reaction mixture components using readily available 



instrumentation and methods. The methods are intended to easily compliment the 

synthetic toolbox of any supramolecular chemist and are applicable beyond calixarene 

chemistry. 

6.2 INTRODUCTION 

6.2.1 The initial synthesis andflrst evidence of analytical potential of 5-1 
The synthesis of 5-1 was carried out according to reaction Scheme 6.1. 

Scheme 6.1. The synthesis of 5-1. 
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Br(CH2)CN 
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Br(CH&CN 
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Structure 5-1 was envisaged as a precursor of a host for non-spherical shaped cations 

and anions. This is due to the differing lengths in the alternate pendant groups 

represented in the spatial arrangement of functionality on the lower rim. Initial 

evidence for this calix[4]arene cone conformation was gleaned from two doublets 

observed at 4.33 and 3.28ppm for the methylene protons in the calixarene's annulus, as 

seen in the proton NMR of 5-1 (Figure 6.1). 



Figure 6.1. The 'H NMR of 5-1 showing the peaks corresponding to the methylene 
protons of the central annulus, indicative of a calix[4]arene cone conformation. 

One low energy conformation is that shown in Figure 6.2 as obtained by energy 

minirnised molecular models. The procedure of generating models follows the general 

guidelines given in chapter 1.12. A calix[4]arene cone conformation is favourable for 

generating rigid preorganised structures as discussed in chapter 1.8. 

Figure 6.2. An energy minirnised molecular model of 5-1 complexed with a potassium 
ion. 

The mixture fiom the synthesis of 5-1 was analysed by LC-MS. The peak labelled 5-1 

in Figure 6.3 corresponds to a molecular ion +m/e 878.8 ([M + m ] ,  calcd 878.6) with 

an area of 51% relative to total peak area. Ammonium ions, presumably originating 

fiom the synthetic workup, appeared to stabilise 5-1. 



Figure 6.3. LC chromatogram of reaction mixture; 5-1 identified by MS. Detection is 
at 210nm. 

These and further observations justified the expenditure of effort to isolate quantities of 

pure 5-1. 

The observation that 5-1 may be predisposed towards binding tetrahedrally shaped 

cations, like ammonium, could be due to the spatial arrangement of its binding sites. 

Indeed, following purification, preliminary potentiometric screening of 5-1 further 

confirmed significant responses towards a number of cations. Table 6.1 depicts the 

potential change of an 1SE containing 5-1 when in contact with a 10-'M aqueous 

solution of the indicated cation compared to equivalent measurements in deionised 

water. This demonstrates that complex formation is indeed occurring with a particular 

order of selectivity, which favours ammonium and potassium over the 'default' sodium 

selectivity observed for calix[4]arene tetraesters and ketones 28,26,210 



- 
Catign Potential change (my 
K+ -t216.O 
NH4' +206.9 
N a+ +I54 .O 
Ca2+ +79.4 
Li+ +71.4 
-Mi? +62.4 

Table 6.1. Potential changes of an ISE containing 5-1 immersed in 10-'M aqueous 
solutions of the indicated cation chloride, compared to the equivalent potential in 
deionised water. 

Figure 6.2 reveals that 5-1 has rather lengthy lower rim appendages and so a larger more 

flexible cavity is plausible. This enables larger cations such as potassium and 

ammonium to be complexed compared to say a tetraester calix[4]arene which disposes 

of a smaller more rigid cavity closer to the annulus and so is more suitable complexing 

smaller sodium cations. A comparative model of this can be seen in Figure 5.6. 

A glimpse at the identity, percent purity and analytical character of 5-1 was obtained 

using LC-MS prior to any attempts at purification and isolation. Purification is 

arguably by far the most arduous and time consuming component of many a complex 

synthesis'00. Any advance reassurance that embarking on lengthy purification is 

worthwhile must be welcomed by the chemist. The application of analytical tools by 

the synthetic chemist is extolled, another example of the increasingly interdisciplinary 

nature of chemistry and science. 

6.2.2 More intricate target hosts demand more powerful characterisation and 
isolation techniques 
Chapter 1.10 outlines the well known properties of tetraester calix[4]arenes with the 

general structure shown in Figure 1.17 and a specific examples shown in Figure 6.4. 

These hosts display excellent sodium selectivity for a number of transduction 

approaches, most notably potentiometric transduction. Above all, this was shown to be 



due to suitable preorganisatio~l o f  the host and a particularly good fit between sodium 

and the host cavity. 

Wall and co-workers initiated research lo synthesise derivatives of these 'parent' 

symmetric tetraesters to ereate new ester calix[4]arene hosts wit11 partially substituted 

lower rims and subsequent asyutmsirfc tetraesters, with appendages of varying 

~ e n ~ t h " ~ ' ~ ~ ' ' ~ .  The aim of this research was to induce selectivities deviating Tram 

sodiu~tl selectivity. In particrllar rlie asymmetric I~osts were to have cavities oF suitable 

dimensions, rigidity and suitably orici~tated electrostatic bond forming carbonyls to 

form complexes with /efrahed~ni cationic guests. A selection af these structures is  

depicted in Figure 6.4"'. 



'Parent' symmetrical tetraester: 

J+&& 
02%>02 O E ~  OE~OE~ OEt 

Partially substituted ethyl ester calix[4]arenes: 

Monosubstituted 1,2-disubstituted 1,3-disubstituted 

6-2 

Asymmetric tetraester calix[4]arene: 

6 -3 

Figure 6.4. Structure of ester calix[4]arene derivatives. 

The 1,3-disubstituted calix[4]arene 6-2 is clearly a precursor to the asymmetric 

tetraester 6-3 also depicted in Figure 6.4. The crude mixture from the synthesis of 6-2 

was analysed by DI-MS revealing a good yield of the desired product99. UV-HPLC also 

told a similar story. However, when extending the examination using LC-UV-MS and 

LC-DAD, a much more complex picture emerged. The additional presence in 



considerable quantity of 1,2-substituted product and mono-substituted products were 

confirmed. This information enabled the optimisation of  reaction conditions to 

maximise the yield of the desired 1,3-tetra-ester calix[4]arene. It is quite clear that 

using only the traditional organic workup tools of TLC, conventional column 

chromatography and recrystallisation, neither the separation efficiency nor the detailed 

characterisation of closely related product species could have been achieved. 

Wall described the arduous synthesis of the asymmetric tetraester calix[4]arene 6-3 

shown in Figure 6.4210. Despite the apparently subtle structural changes compared to 

the symmetric 'parent' calix[4]arene (6-2), the target host, although identified in a 

complex mixture by the techniques outlined aboveloo, was never isolated in quantity. 

The work described in this chapter aims to extend this approach by applying a scaled up 

analytical scale LC method to isolate practical quantities of a target host compound 

from a synthetic mixture (for further characterisation, use in sensors etc.). This can be 

described as semi-preparative HPLC purification. 

The synthesis of 5-1, depicted in Scheme 6.1, did not proceed as readily as an 

equivalent synzmetric tetra-nitrile described in the l i t e r a t ~ r e ' ~ ~ .  This tetra-nitrile 

described by Scheerder and co-workers contains four identical propyl nitrile appendages 

on the lower rim. The unusually complex reaction mixture of 5-1 obtained, in 

comparison, is perhaps analogous to the attempted synthesis of 6-3. 

Reasons for the dramatic difference in ease of synthesis between apparently very similar 

tetra-substituted calix[4]arene structures may include (a) the high degree of substitution, 

(b) increasing difficulty to deprotonate successive phenol hydrogens, (c) the sterically 

hindered nature of target compounds and (d) the different chemical environment of the 

hosts functional groups. 



The complex crude mixture obtained for 5-1 prompted the use of more advanced work 

up tools. 

6.2.3 Tools to compliment conventional organic work-up leclzniques 
Techniques such as TLC, paper, flash and open-column chromatography, all LC 

techniques, have been used for many years as conventional separation tools by the 

organic chemist2''. These methods are cheap, easy to implement and little training is 

required. However, in some cases, for example when a product is required routinely 

(industry) or if a separation is particularly tedious (research), then the use of preparative 

HPLC becomes an advantage. 

All LC techniques have a common theoretical basis. HPLC is a common analytical 

technique which generally has much better separating efficiency then open column or 

flash chromatography251. This improved efficiency can prove critical when dealing with 

a low yield of product in a complex mixture. Woodward, who completed the total 

synthesis of Vitamin B l 2  claimed that HPLC was of 'crucial impoi-tance' for his work 

and predicted that HPLC would be 'indispensable' for f ~ ~ t u r e  organic chemists252. This 

view showed great foresight at the time. 

The development of HPLC came about due to a desire to save time and money. 

Compared to more conventional LC methods, HPLC offers convenience, accuracy, 

speed and the ability to perform difficult separations, not possible by other methods253. 

Classical column chromatography typically involves a glass column packed with 

stationary phase (e.g, normal phase silica gel) and relies on a gravity fed mobile phase 

(atmospheric pressure usually). The stationary phase is discarded after each use and so 

represents a time and material loss. Reproducibility may suffer as columns are hand 

packed each time a separation is performed. On the other hand, HPLC columns are 

usually factory packed and can be used repeatedly. Mobile phase is pumped in a 



controlled manner at pressures of many atmospheres (atm) if required (hundreds of 

atm). The result is better reproducibility, controlled flow rates and above all better 

efficiency, accuracy and precision. In terms of basic theory, this can be rationalised 

simply, but not exclusively, in terms of the theoretical plates number, N, of a separation 

column's stationary phase as shown in Equation 6.1. 

(Eqn 6.1) 

Theoretical plate count = N, retention time = tR and band or mixture component width = 

tw. 

N may be considered as the effective area of a stationary phase with which the 

components of a given mixture can interact in a useful manner to induce varying 

retention. HPLC can combine smaller particle size and denser packing due to the high- 

pressure mobile phase available, with the result of much greater interaction with a 

sample mixture. From this it can be deduced that for higher values of N, the 

components of a mixture to be separated can be spread over a longer total elution time 

( t ~ ) ,  each band or component occupying a narrower time window or band width (t,) 

within this total run time. This is clearly not possible to the same degree with gravity 

fed hand packed conventional column chromatography. Although there are numerous 

factors dictating the separation power of an LC system, N is a convenient means to 

rationalise overall separation efficiency. 

For analytical applications the advantages of HPLC separation have been exploited 

extensively, but particularly in organic research circles, HPLC in preparative mode is a 

relatively rarely encountered technique. 

The use of HPLC for preparative purposes, where components from a mixture are 

collected in quantity (mg to kg) instead of going to waste, has largely been the preserve 

of industry since dedicated instrumentation can be expensive to acquire and run and as 



such, preparative HPLC has been perceived as a specialist technique by most organic 

research chemists. Early researchers, such as Pirkle and Anderson in 1974, identified 

the power of HPLC for resolving mixtures in a preparative fashion254. Analytical 

HPLC was becoming widespread at the time, however the variety of stationary phases 

and instrumentation available for preparative applications were few and expensive. 

These early authors designed and constructed their own preparative systems using silica 

gel or alumina. The application of reverse phase stationary phases soon followed255. 

By and large, commercial systems were specialist, slow and expensive. Today, the 

technology has improved and systems are available with wide applicability and user- 

friendly software. However, price has risen in tandem with sophistication and 

preparative HPLC continues to be perceived as specialist and inaccessible by most 

organic research chemists. 

Several useful analytical HPLC methods have been developed for calixarene analysis256. 

McMahon and co-workers have attempted to consolidate and review available literature 

references for analytical scale HPLC as applied to calixarenes in recent times99. 

To date, conventional organic LC techniques have been sufficient to separate and 

recover calixarene compounds (and other classes of supramolecular compounds). 

Dedicated preparative instrumentation and materials have been used for calix[4]arenes 

without MS in the past257. This instrumentation was specialist and one could not revert 

to an analytical mode for routine analysis. 

While scaling up of an existing analytical method for use in preparative HPLC must be 

done with care, it is conceivable that good separation can be achieved in a relatively 

straightforward manner. 

It is my view that the ease of extending the use of analytical scale HPLC for semi- 

preparative (mg or g quantities) product characterisation, isolation and collection has 



not been sufficiently highlighted in the literature. The key advantage being that any 

chemistry department will have access to analytical HPLC instrumentation and the 

expertise to operate it. When scaling up an analytical method, lengthy optimisation to 

achieve attractive chromatograms is not necessary. The parameters of purity and 

recovery yield of final product are the important parameters where preparative HPLC is 

concerned. 

Along with HPLC, MS is a very valuable tool for the organic chemist and is becoming 

more prevalent in research for checking identity and purity of products. Together, 

HPLC and MS are a powerful combination. By running an HPLC-MS chromatogram of 

a crude reaction mixture, the presence of the target and any related products or 

impurities can be quantitatively identified at the reaction vessel stage. The decision 

whether to proceed with a potentially lengthy reaction work-up is made easier. 

Conventionally, TLC of the same mixture reveals only the number of  products in the 

mixture, but their identification can only follow when full reaction work-up is complete. 

The borrowing of analytical methods by the organic chemist can mean the difference 

between an abandoned synthesis and isolating useful quantities of a desired product. To 

go some way to rectifying this, aspects of the current chapter have been published'8g. 

After more then 100 years, calixarene chemistry is at an advanced stage of its life cycle, 

where many future structural improvements will demand the routine use of ever more 

sophisticated separation and characterisation techniques. Only by using HPLC and MS 

can fast throughput of characterised targets be envisaged. 

In this report, we highlight the importance of using advanced analytical characterisation 

(LC-MS) of reaction products coupled with semi-preparative methods for scaling up the 

associated separation process in order to obtain reasonable quantities of more elusive 



derivatives such as the asymmetric calix[4]arene 5-1. The process is also described for 

calix[4]arene hosts 3-1,3-2 and 4-3. 

6.3 RESULTS AND DISCUSSION 

6.3.1 The illustration of principle: Isolation of 5-1 
The chromatogram in Figure 6.3 revealed the complex nature of the reaction mixture 

obtained for the synthesis of 5-1. Numerous peaks or bands are present with 

considerable co-elution. 5-1 and some other components in the mix could be identified 

by LC-MS. Starting materials are seen at about 5 minutes, including 5-3. Between 5 

and 8.6 minutes (peak of 5-1) are various breakdown fragments of 5-1. Interestingly, 

molecular ions of 5 - 1 + ~ +  were seen in this region too. An unidentified component of 

greater mass than 5-1 was seen at about 10.1 minutes. The reverse phase character of 

the column stationary phase ensures that components larger (and less polar) than 5-1 

emerged after 8.6 minutes. By-products and un-reacted or partially reacted starting 

materials were therefore largely confined to retention times below 8.6 minutes. 

With a rather complex reaction mixture containing 5-1 present, it was decided that the 

analytical HPLC method would be scaled up to isolate 5-1 as efficiently as possible, 

instead of resorting to conventional column chromatography for separation. If normal 

phase chromatography was used instead, the compound of interest would elute early and 

would be less likely to be resolved from related compounds. This scenario applies to 

the use of open column chromatography where silica gel is often used as a stationary 

phase. 

Using a simple scale up factor as a guideline, supplied by most column manufacturers, 

HPLC parameters were altered for semi-preparative work, critically retaining the same 



analytical instrumenation. Column width went from 2.0mm to 10.0mm with a larger 

particle size of the same stationary phase. The stationary phase used for this work, 

Synergy Fusion-RP, has both reverse and normal phase characteristics meaning that a 

mixture with a broad range of polarities can be effectively separated in the one 

chromatogram, thus saving time and consumables. 

Flow rate was increased from 0.2ml/min to 5ml/min. These flow rates correspond to a 

flow rate of lml/min on a more typical 4.6mm diameter column. The injector, pump, 

detector cell and tubing manifolds of most analytical HPLC hardware are capable of 

running at these conditions. Indeed, even with a flow rate of 5ml/min, the back pressure 

never rose above 33bar, well within the instrument's maximum limit. 

The loop1 standard analytical injection loop fitted was retained as it is more beneficial 

to increase injected sample concentration than volume for efficient separationz5'. 

Sample concentration was increased for preparative work from O.Smg/ml to 300mglml. 

Being aware that the UV detector cell was designed for analytical concentrations, it was 

decided to change the wavelength used for preparative worlc to one showing less 

sensitivity towards the sample, thus avoiding detector saturation. 5-1 absorbs about 6 

times less UV radiation at 280nm than at 210nm. The analytical wavelength of 210nm 

was therefore changed to the less sensitive 280nm for preparative work. For sample 

collection, a Gilson 204 fraction collector was used. Injections were performed and the 

relevant peaks collected using an automation facility on the fraction collector, requiring 

minimal supervision. It was also possible to manually collect fractions without the use 

of a fraction collector. In a short space of time with only small modifications, the 

analytical instrumentation was ready for semi-preparative work. 



Figure 6.5. A semi-preparative scale HPLC chromatogram obtained for a mixture 
containing 5-1 (labelled). Detection is at 280nm. 

Figure 6.5 shows a typical semi-preparative chromatogram from the original synthesis 

mixture of 5-1. As expected, all retention times are faster than in the equivalent 

analytical chromatogram in Figure 6.3 and resolution is generally lower, due to the 

higher sample concentrations and volumes injected2sg. Ultimately, the recovery yield 

and percentage purity of the target are the important parameters. In one hour, 

unattended, 55mg of 97.6% pure 5-1 was isolated from 120mg of a mixture of no less 

than ten components as seen in the analytical scale chromatogram in Figure 6.6. This 

" -. . .,,An -. -. . .. 
represents a recovery percentage or about YUYO. 'l'hese Figures assume a similar 

absorption coefficient of all species present in the mixture. This is reasonable as target 

5-1 and 5-3 are structurally similar and based on the same calix[4]arene back-bone. 

Theoretically, conventional column chromatography could not have matched this 

separation in terms of separation efficiency or time on its own25'. In addition, practical 

considerations include the fact that conventional chromatography is more prone to 

operator error, with increased possibility of product loss. 



Figure 6.6. LC-MS cl~romniagram showing 97.6% pire 5-1 following semi-ptrcparat ive 
I-IPLC separation. Detection is  at 2 10nm. lnset shows MS identification or  5-1. 

6.3.2 Tlte isolnfion of 3-1 
The synthetic conditions and further discussion on the analytical applications of  di-urea 

calix[4]arene 3-1 are found in chapter 3. 

An initial screening of  the crude mixture fioni the synthesis of 3-1 by LC-MS indccd 

revealed the presence of 3-1 at 6.9 minutes as seen in Figure 6.7. 3-1 represents 37.6% 

of total peak area excluding the solvcnt peak at around 3 minutes. 



Figure 6.7. The LC-MS chromatogram of the crude reaction mixture from the 
synthesis of 3-1. The W trace of 210nm (lower) superimposed on the Total Ion 
Chromatogram (upper) reveals the presence of 3-1 at 6.9 minutes in a broad peak. Also 
shown is the corresponding mass spectrum confirming the identity of 3-1. 

From previous LC chromatography of calixarenes, a good starting point for a solvent 

system was 195% ACN'". To this water can be added for more polar systems and 

stronger organic solvents like THF can be added to produce more apolar mobile phases. 

For the semi-preparative isolation of 3-1 using a scaled up analytical method, the 

solvent system was examined first. It is clear from Figure 6.7 that peaks are quite broad 

and over 20 minutes is required to elute all products. To elute all peaks quicker and to 

improve peak shape (peak efficiency) the isocratic solvent strength (organic component) 

was increased. This entailed increasing the proportion of THF in a THFIACN mixture. 

The formic acid was omitted as it only served as an ionisation aid for MS analysis. For 

further work, the LC solvent also served as the sample solvent. The instrument 



wavelength was increased from 21 0nm to 220nm as the UV cut-off for TI-IF is 2 12nrn. 

Figure 6.8 shows some spectra from prelinlinary work with the peak correspondii~g to 

3-1 marked in each case. The chromatograms of the crude mixture have varying 

proportions of T W F  as indicated. 



Figure 6.8. The HPLC spectra of crude 3-1 with decreasing proportion of THF in the 
mobile phase ACN:THF vlv : a) 60:40 b) 70:30 c) 80:20. The peaks of 3-1 are marked 
X. Detection wavelength is 220nm. 



The resolution from nejghbouring peaks is clearly irnpraved with decreasing THF 

content, however the overall runtime was thereby increased. The chromatogram in 

Figure 6.8b appears to be the best compromise between good resolution o f  the desircd 

peak whilst minimising the total run-tin-tc. The cl~rornatogram in Figure 6.8a shows 

relatively poor resolution for Ihe peak of 3-1. 

The transfer of the solvent systems (ACN:THF vlv : 70:30 and 80:20) to semi- 

preparative made is illustrated in Figure 6.9. This entailed, as befare, switching to the 

larger column, increased flow rate to Srnl/minure, increased sample loading and a less 

sensitive wavelength of 280nm to prevent signal overloading of  the detector UV cell 

(see experimental section for mare detail). The main difference to be anticipated is 

poorer resolution when comparing equivalent analytical and SP chromatograms. This is 

mainly due to the much greater column loadings used for SP runs, which is known to 

reduce separation efficiency. 



Figure 6.9. The separation of 3-1 in semi-preparative mode with mobile phase 
ACN:THF vlv : a) 70:30 b) 80:20. The peak of 3-1 is marked X. Detection 
wavelength is 280nrn. Broken red lines denote sample collection window. 

It can be seen visually from Figure 6.9a that using mobile phase systems with 70:30 vlv 

ACH:THF (and by inference more THF) results in considerable overlap of the 3-1 peak 

with neighbowing peaks. This poor resolution could diminish the final purity of 



collected 3-1 and diminish yield as the time collection window (indicated by the broken 

red lines in Figure 6.9) would have to be narrowed to isolate only pure product. With a 

solvent system of 80:20 vlv ACH:THF there is good resolution from neighbouring 

pealts as can be confirmed visually in Figure 6.9b, whilst minimising the time to elute 

all peaks. Decreasing the proportion of THF below 20% by volume, may result in even 

better resolution for 3-1 but the overall run time would be increased, meaning more time 

spent obtaining sufficient quantities of pure product, the consumption of more solvent 

and more instrument wear and tare already operating near upper limits of flow rate 

(5mllminute). An SP system with a solvent system of 80:20 v/v ACH:THF was 

therefore chosen for the purification of 3-1. 

Using a coloured dye and stop watch, the time delay between the HPLC detector and 

the product SP collector outlet was exactly determined previous to purification, for the 

flow rate used (5mllminute). In this way the start and end of the window of collection 

of each product peak could be specified with sufficient accuracy according to the 

relevant chromatogram (Figure 6.9b). 

Manual or automatic collection modes were available with the collector used. 

Generally, the manual collection mode was used as factors such as laboratory 

temperature fluctuations could occur, which caused slight variations in retention times 

over the course of the day and so the potential of introducing impurities if the system 

was left unattended. Using the above described method, 22.7mg of purified 3-1 product 

was obtained in about 4 hours. 

Textbook like peak shapes normally mandatory for analytical purposes are not required 

as the sole purpose of SP purification was to tune the chromatographic efficiency to 

obtain reasonably pure product (>95% purity) using the least amount of solvent and in a 

reasonably quick time. 



Figure 6.10 shows the final pure product 3-1 as examined by the analytical scale HPLC 

method. 98.1% purity was achieved and an LC recovery yield of 60.4%. The identity 

of 3-1 was reconfirmed with DI-MS. 

Figure 6.10. The analytical HPLC chromatogram of 3-1, marked X, following SP 
isolation. 98.1% purity was achieved. 

6.3.3 The isolation of 3-2 
The synthetic conditions and further discussion on the analytical applications of di-urea 

calix[4]arene 3-2 are found in chapter 3. 

It must be noted that each chemical mixture is unique and varying the proportions of 

components or chemical and physical properties of the components in a mixture will 

affect each retention time. For this reason some development work must be carried out 

before isolating products from different synthesis by SP-HPLC. This need not require 

complicated or extensive effort. 

As 3-2 is structurally similar to 3-1, and the conditions of synthesis are near identical, it 

is reasonable to expect broadly similar components to be present in the crude synthetic 



mixture. Analogously, the SP-HPLC isolation conditions can also be expected to be 

similar. 

An initial screening of the crude mixture from the synthesis of 3-2 by LC-MS revealed 

the presence of 3-2 to be 29.0% of total peak are as seen in Figure 6.1 1. 

Figure 6.11. The LC-MS chromatogram of the crude reaction mixture from the 
synthesis of 3-2. The W trace of 210nm (lower) superimposed on the Total Ion 
Chromatogram (upper) reveals the presence of 3-2 at about 37.4 minutes in a broad 
peak. Also shown is the corresponding mass spectrum confirming the identity of 3-2. 

The retention time for the peak corresponding to 3-2 is 37.4 minutes which is 30 

minutes more than the structurally similar 3-1 (Figure 6.7). Given this structural 

similarity, this rather dramatic retention time difference observed was not expected. A 

central theme in this thesis has been the possibility of dramatic change in complexing 

properties of structurally similar host compounds. This can of course encompass 

interaction with a HPLC stationary phase, also a reversible non-covalent interaction. In 



this case however, we feel the large retention time range observed was due to the 

analytical HPLC column reaching the end of its life. The broad tailing HPLC peaks 

also attest to non-optimal compound retention. Further optimisation of the method was 

carried out using the system configured for SP use. 

The optimum solvent system was found in a similar manner to 3-1. Figure 6.12 shows a 

SP chromatogram of 3-2 using 90: 10 v/v ACN:THF as mobile phase. 

Figure 6.12. The separation of 3-2 in SP mode with mobile phase ACN:THF vlv 
90: 10. The peak of 3-2 is marked X. Detection wavelength was 280nm. 

Using the above described method, 41.2mg of purified L14 product was obtained in 

about 4 hours. The final pure product 3-2 was examined by the analytical scale HPLC 

method. 97.6% purity was achieved and an LC recovery yield of 78.9%. The identity 

of 3-2 was reconfirmed with DI-MS. 

The recovery yield of 78.9% is better than that for 3-1 (60.4%) perhaps because the 

nature of the crude mixture (less impurities) and the solvent system chosen allowed 

better resolution between 3-2 and neighbouring peaks (comparing Figure 6.9b and 



Figure 6.12). Because of this a longer SP product collection window could be allowed 

for 3-2, resulting in a slightly greater percentage recovery of product compared to 3-1. 

6.3.4 The isolation oSpyrene urea calix[4]arene 4-3 
The synthetic conditions and further discussion on the analytical applications of urea- 

pyrene calix[4]arene 4-3 are found in chapter 4. 

It was immediately apparent from the synthesis of 4-3 that the reaction products showed 

very poor solubility in most common organic solvents except in DMSO and DMF, 

where good solubility was observed. These solvents are very polar in nature and 

generally give unfavourable results in chromatography, particularly in normal phase 

stationary phases (associated commonly with conventional column chromatography) 

where streaking and poor band resolution is observed due to the excessive affinity of 

mobile phase for the stationary phase. Furthermore the post-purification complete 

removal of solvent from product would be difficult due to the non-volatile nature of 

DMF and DMSO (boiling points of 153°C and 189OC respectively). Additionally, as 

was revealed in chapter 4, 4-3 is unstable at temperatures of 80°C, a further obstacle to 

using DMF and DMSO. 100% methanol was chosen as the general HPLC mobile 

phase as this was the most polar solvent available besides DMF and DMSO with an 

acceptable volatility and practical boiling point of 65OC. Good chromatography was 

possible with this solvent. An absorption wavelength of 340nn1 was chosen based on 

the maxima from the UV-absorbance chromatogram of pyrene (chapter 4.2.1). These 

modifications of the standard HPLC conditions were applied for both the analytical and 

SP-HPLC of 4-3. 

For routine analytical analysis of the product mixture of 4-3 by HPLC, solubility was 

not critical, as typical concentrations of lmg/ml were I<nown to be sufficient. For SP- 

HPLC higher concentrations of about 300mglml are desirable for practical reasons 



saving time and materials. The synthesis of 4-3 involved a chloroform extraction step 

to isolate 4-3 from the DMF mobile phase. Large volumes of chloroform 

(approximately lg  of crude material in 30ml) were reduced carefully to about 2ml of a 

relatively concentrated solution of 4-3 for use in SP isolation. Further solvent removal 

quickly led to unwanted precipitation. This approach appeared to be more effective 

than re-dissolving an isolated crude solid in solvent. 

Even with the use of SP-HPLC an overall yield of only 2% 4-3 was achieved attesting 

to a difficult synthesis. It is clear that the use of less efficient conventional column 

chromatography would inevitably have resulted in an even lower yield, perhaps making 

the entire synthesis unfeasible. 

The use of ESI-MS did not prove successful with 4-3 as with the other hosts described 

in chapter 6, and 4-3 could not definitively be identified in the crude reaction mixture 

(see chapter 4.3.2). As the stationary phase used was largely reverse phase in character, 

it was reasonable to assume that the last chromatographic peak to emerge would be the 

largest most substituted organic product (least polar and longest retained) corresponding 

to the tetra-substituted 4-3. Earlier peaks would most likely correspond to partially 

substituted calix[4]arenes and other impurities. Furthermore as the detection 

wavelength used was 340nm, all peaks observed presumably contained one or more 

pyrene moieties and were therefore all potentially the desired product or a related 

compound. The starting tetraphenol calix[4]arene did not absorb UV light above 

300nm (Figure 4.1 1). In the absence of MS evidence of identity, it was decided to 

proceed with the purification based on this rationale. 

The SP-HPLC purification was carried out collecting the peak labelled 4-3 in Figure 

6.13. 



Su- G-on of the peak M e d  4-3, once isolated, indeed m h e d  

the anticipated identity of 43  unambiguously by 'H NMR and CHN d m d  

malysis. 

6.4 CONCLUSIONS 
Following simple alterations to an analytical LC-MS instrumental setup and synthetic 

procedure, in 1 hr, quantities of calixarene 5-1 were isolated that are suflicient for 

characterisation, activity screening and for further synthesis. MS also reveded that 5-1 

may be predisposed towards forming complexes with ammonium ions, rather than the 

more usual sodium ions. Energy minimised complex structures support this. 

Complex mixtures of closely related products cannot always be resolved easily 

by conventional means, particularly where there we subtle ohanges of connectivity 



between species of the same family of compounds with near identical molecular 

formula. The achievement of effective resolution or separation of a mixture is essential 

for true characterisation of products and the generation of sufficiently pure material of 

unambiguous identity and good yield for further synthesis. The use of techniques like 

LC-UV-MS and LC-DAD is therefore recommended for the synthetic chemist for non- 

trivial synthesis, complimenting traditional organic workup tools like TLC and 

conventional column chromatography or replacing these when they are not adequate in 

terms of characterisation power and separation efficiency. 

The identification and partial characterisation (e.g. the ammonium affinity of 5-1) of 

products was achieved by the approaches described even prior to any potentially 

unfruitful effort being made to purify and isolate a target. 

The work was extended beyond identification and characterisation by scaling up the LC 

component of the methods described using the same widely available analytical scale 

instrumentation to isolate mg quantities of the target host. This constitutes semi- 

preparative HPLC isolation. 

One possible improvement for the SP method described would be the installation of a 

reliable column thermostat. In this way, the contamination of the product collected 

from neighbouring impurity peaks due to intermittent temperature induced retention 

time changes could be avoided. With a thermostat in place, an automated and reliable 

SP product collection protocol could be set up to achieve reproducible repeat runs and 

pure product collection without continuous supervision by the analyst. 

The approach described was also adopted for the synthesis, characterisation and 

isolation of 3-1, 3-2 and 4-3. 

The work presented serves to complement the conventional isolation tools of 

supramolecular chemists where non-trivial synthesis may yield complex mixtures of 



closely related structures. In some circumstances the suggested approach may represent 

the difference between an aborted and a successful synthesjs. The work represents a 

powerful crossover between analytical and organic chemistry. 

6.5 EXPERIMENTAL 
The following experimental procedures apply unless otherwise stated in the text. HPLC 

was carried out using a HP1100 with UV detection. For MS work, this was coupled to a 

Bruker/Hewlard-Packard Esquire system, using a positive ESI source and the software's 

default 'smart' settings. Mobile phase used was isocratic LC grade Acetonitrile with 

0.25% formic acid content. The choice of acetonitrile mobile phase as a starting point 

was based on a standard calixarene HPLC method described by McMahon and co- 

workersloO. This also served as the sample solvent. For analytical LC-MS, a Synergy 

150.0 x 2.0mm, 4pm Fusion-RP column was used. Flowrate was 0.2ml/min. Detection 

wavelength was 210nm. Injections were 5p1 of O.Smg/ml sample. 

For semi-preparative HPLC, 100% ACN mobile phase was used and a Synergy 250.0 x 

lO.Omin, 10pm Fusion-RP chromatographic column. Flowrate was 5.0ml/min. 

Detection wavelength was 280nm. Injections were 100pl of 300mg/ml sample, filtered 

before use. Fraction collection was carried out manually or with a Gilson 204 fraction 

collector in automation mode. Recovery yield was based on % of total peak area. 

NaH used was a 60% dispersion in mineral oil. All reactions were carried out under 

argon. The name p-tert-Butylcalix[4]arene was used instead of the IUPAC name for 

convenience: 5,11,17,23-tetra-p-tert-butyl-25,26,27,28-tetrahydroxycalix[4]arene. 

Potentioinetric membranes were prepared using 2501ng 2-Nitrophenyl octyl ether, 

125mg PVC, 2.5mg 3 and 0.5mg potassium tetrakis(4-chlorophenyl) borate. 



The electrochemical cell used consisted of a double junction reference electrode and a 

PVC membrane working electrode in the following arrangement: 

Ag 1 AgCl I 3M NaCI(I0.1M LiOAc 11 sample solution I PVC membrane I 0.1 M 

NH4Cl( AgCl I Ag. 

Membranes were conditioned in 0.1M ammonium chloride for 3 hours and followed by 

deionised water for half an hour prior to analysing the 10-'M cation chloride solution of 

interest. The potentiometric cell was interfaced to a PC using a National Instruments 

SCB-68 4-channel interface. 

5,11,17,23-Tetra-p-tert-butyl-25,27-bis[(cyanomethyl)-oxy]-26-28- 

dihydroxycalix[4]arene (5-3). p-tert-Butylcalix[4]arene (5.Og, 7.72mmol), K2CO3 

(1.28g, 9.26mmol) and bromoacetonitrile (1.95g, 16.20mmol) was heated in CH3CN 

(80ml) at 50 OC for 5 days. The reaction was monitored by LC-MS. The solvent was 

evaporated and the residue taken up in CH2C12 (300ml), washed with 1N HCl (IOOml), 

H20  (50ml) and brine (50ml) and dried with Mg2S04. CH2C12 was evaporated and the 

residue was recrystallised from CHC13/MeOH yielding a white solid: yield 73%; mp 

285-290 OC; UV-vis (ACN) 210nm (E/L tin-' mol-' 152472), 280nm (25974); IR (KBr) 

2250 cm-' (CN), 3515 cm" (OH) ; 'H NMR F 7.12 (s, 4H), 6.73 (s, 4 H), 4.81 (s, 4H), 

4.23 and 3.45 (ABq, 4H, J = 13.6), 1.33 (s, 18H), 0.87 (s, 18H); I3c NMR 6 150.3 (s), 

149.0 (d), 142.9 (d), 135.4 (s), 128.2 (s), 126.6 (s), 125.7 (s), 115.5 (s), 60.8 (s), 34.4 (t), 

31.9 (t), 31.5 (s); ESI mass spectrum +m/e 749.6 ([M + ~ a ' ] ,  calcd 749.4); HPLC 

purity: 96.8%. Anal. Calcd for C52H66N204: C, 79.30; H, 8.04; N, 3.85. Found: C, 

78.94; H, 7.87; N, 4.00. 



5,11,17,23-Tetra-p-tert-butyl-25,27-bis[(cyanopropyl)-oxy]-26-28- 

bis[(cyanomethyl)-oxyJcalix[4]arene (5-1). Calix[4]arene 5-3 (4.0g, 5.5mmol) and 

NaH (0.44g, 1l.Ommol) was stirred 1 h at room temperature in anhydrous DMF 

(1 00ml). 4-Bromobutyronitrile (1.63g, 1 1 .Ommol) was added batch wise and the 

mixture was stirred at 80 "C for 24 h. The reaction was monitored by HPLC-MS. The 

mixture was cooled and another equivalent of NaH and 4-Bromobutyronitrile was added 

and heated as before. After a further 72 h the DMF was evaporated and the residue 

taken up in CH2Clz (250ml), washed with 1N HC1 (lOOml), Hz0 (50ml), brine (50ml) 

and saturated NH4C1 (50ml) and dried with Mg2S04. After filtration the CH2C12 was 

removed to give 4.698 of a beige solid. The solid was purified by semi-preparative 

HPLC to yield a white solid: Recovery yield 90%; mp 234-236 "C; UV-vis (ACN) 

2 10nm (EIL cm-I mole' 150366)~ 280nm (28420); IR (KBr) 2248cm-' (CN); 'H NMR 6 

7.17(s,4H),6.43 (s,4H),4.95 (s,4H),4.33 and3.28 (ABq,4H, J =  13.0), 3.90(t,4H), 

2.69 (t, 4H), 2.32 (m, 4H), 1.35 (s, 18H), 0.80 (s, 18H); I3c NMR F 152.3 (d), 148.3 (s), 

145.8 (s), 135.7 (s), 131.5 (s), 126.7 (s), 125.3 (s), 119.7 (s), 118.0 (s), 74.2 (s), 58.5 (s), 

34.7 (s), 34.3 (d), 31.7 (t), 26.3 (s), 15.0 (s); ESI mass spectrum +m/e 878.8 ([M + 

NH~'], calcd 878.6); HPLC purity: 97.6%. Anal. Calcd for CS6Hb8N4O4: C, 78.10; H, 

7.96;N, 6.51. Found: C, 77.79; H, 8.13;N, 6.26. 



7. Conclusions and Future 
Work 

Conclusions 

The synthesis and properties of a number of calixarene supramolecular hosts was 

described in this thesis. The ability of these hosts to selectively engage in guest 

recognition at the molecular level was investigated. In order to fine tune the observed 

guest selectivity of the host, the most effective strategy was to perform well-rationalised 

structural changes of the hosts themselves. Changing other sensor parameters also 

modified observed selectivities (e.g. membrane polarity modifications when ISEs were 

used) but to a lesser extent. 

Besides dramatic changes in observed sensor characteristics, it was found that even 

subtle structural changes of the host could have profound implications in terms of 

success or failure of a synthesis and the choice of purification regimes. Where 

analytical results were generated with relative ease, the burden on the organic chemist 

was easily underestimated. 

Chapters 2 and 3 demonstrated the dual-use functionality of amide and urea based 

sensors as these functional groups can complex both cations and anions. ISEs can be 

configured to detect either cations or anions using the same host. Chapter 2 is amongst 

the first attempts at selective anionic guest recognition using amide based ISEs, 

resulting in the bromide selective host 2-18. Chapter 3 highlighted an important 

consideration in aqueous based sensing and a common theme throughout the thesis. 

Ionic analytes, in particular anions, followed a Hofmesiter order of selectivity whereby 

selectivity is based on anion size, lipophilicity and degree of hydration. In aqueous 

based sensing this phenomenon can override the meticulous preorganisation present in 



the sensor host, who's purpose is to induce deviation from such a 'default' selectivity 

pattern. Chapter 4 uses an optical mode of transduction to establish the selectivity of 

the pyrene-urea host 4-3. This non-aqueous solution based experiment revealed 

unambiguous chloride selectivity. Using ISEs this could not be replicated in chapter 3 

and a Hofmeister order of response was seen. The use of more than 1 mode of 

transduction is therefore recommended to thoroughly charaterise a new host system. As 

most real life sensing applications must take place in an aqueous environment, at least 

one of these should be water based. In this way the demand for beauty and aesthetics in 

fundamental reearch and the more pragmatic demands of the real world can be met. 

Chapter 5 demonstrated how the selectivity of new sensor hosts is often discovered 

accidentally. Nitrile calix[4]arene 5-1 was initially intented as an intermediate for a 

host for tetrahedral anions but due to a failed onward synthesis and some MS 

observations, ended up as very effective host for spherical mercury (11) ions and 

amongst the first times the nitrile functional group was reported in soft metal sensing. 

Such surrendipitous discoveries continually amuse and motivate supermolecular 

chemists. 

Due to the difficulty in the isolation of 5-1, a new semi-preparative HPLC method was 

devised and described in chapter 6. The high efficiency of the method spelt the 

difference between an abandoned synthesis and a successful one. This method will be 

applied in future to other difficult purification challenges. Critically, it uses commonly 

available instrumentation and so can complement traditional organic work-up methods 

in any research group. 



Future work 

There is great potential for the synthesis of new hosts based on the chemistry that was 

presented here. The work here is amongst the first to use the nitrile functional group to 

complex soft metal analytes in a sensor capacity. The work can therefore be extended 

to synthesise improved hosts based on calixarene scaffolds or other formats including 

other supramolecular platforms or indeed simpler linear or tripodal formats for example. 

In addition, these systems have yet to be conferred with optical modes of transduction. 

The combination of pyrene and urea chemistry in chapter 4 also opens the door to a 

large variety of new host structures with fluorescent transduction. This is the first time 

to our knowledge that this combination has yielded truly selective anion recognition. 

The 2 in 1 precursors 4-1 and 4-2, on which 4-3 is based, can be applied to other 

platforms in future, again perhaps including simpler ones than calixarenes. As 4-3 in 

itself displays remarkable chloride selectivity, the host may be taken as is and applied in 

a real-life working device. This may include deposition, incorporation into a membrane 

or covalent attachment to the sensing surface. To benefit from the excellent optical 

characteristics discovered, a non-electrochemical transduction mode should be 

considered. This might comprise a miniaturised system incorporating LEDs as a source 

and detector of the optical signal. In this way the sensor output is based more 

specifically on an outstanding and selective supramolecular phenomenon rather than 

additional other sensor parameters such as surface polarity and ion exchange. In this 

way the dominance of the Hofmeister order of response, particularly associated with 

anion sensing in aqueous-organic multiphase systems, could perhaps be minimised. 

Chapter 2 and 3 serve as a precedent for past and future urea or amide based recognition 

systems, in that it promotes the opportunity for screening a single host for both cation 

and anion response. This in effect doubles the chance of a selectivity 'hit'. The 



bromide selective amide-calix[4]arene 2-18, serves as an impetus to further investigate 

anion-amide interactions using ISEs as this approach has virtually never been reported 

in the past. Urea-calix[4]arene 3-1 shows great potential as an ionophore in nitrate 

selective electrodes, despite an observed Hofmeister response order. This will be 

investigated in future. The publications list at the start of this thesis shows the most up 

to date status of such ongoing research projects at time of printing this thesis. 

More than 100 years after their discovery, calixarenes continue to bemuse, bewilder and 

thoroughly entertain. Due to their unique pre-organisation and potential for attaching 

various functional group appendages to form well-defined cavities for guest inclusion, 

they still make appearances at the forefront of supramolecular chemistry. 

The divergence from non-aqueous solution based studies of guest recognition sytems 

will continue. Elegant solution based NMR or spectrophotometric based complexation 

studies alone will be expanded on. Additional forays into the daring world of aqueous 

based sensing will become increasingly important as science funding bodies demand 

more real life results. 

The multidisciplinary area of supramolecular chemistry remains both beautiful and 

challenging, as new receptors are continuously demanded for the assembly line leading 

to applied sensor devices. The supply chain remains intact, only if the marriage 

between fundamental organic research and applied analytical chemistry is a happy one. 
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