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Chapter 4 deals with the design, synthesis, and characterisation o f  a urea 

functionalised phen  based heteroditopic receptor. This chapter is divided into three 

parts. In the first part, the ability o f  such a urea functionalised receptor to work as a 

selective fluorescent sensor for chloride is demonstrated. Spectrophotometric studies 

(absorption and fluorescence) showed that, while only minor changes were observed in 

the ground state upon anion recognition, the fluorescence em ission was significantly 

affected. N evertheless, only in the presence o f  chloride was the emission intensity 

enhanced, while for the other competitive anions the em ission was quenched. In the 

second part o f  this chapter, w e demonstrate the binding o f  the phen  based receptor with 

transition metals such as Cu(II) and Fe(II). Binding studies in solution revealed strong 

interaction between the metal ions and the phen  moiety o f  two receptors, giving rise to 

the formation o f  the 1:2 (metal :receptor) stoichiometry. In the solid state, the Cu(II) ion 

was shown to form a binuclear complex, through interaction o f  two copper ions with 

four receptor m olecules. Each Cu(II) ion was found to be in a distorted square- 

pyramidal geometry, coordinated to four nitrogen atoms from the two phen  receptors 

and one oxygen atom from the urea moiety o f  a neighbour receptor. Finally, in the third 

part o f  this chapter, the influence o f  the metal ion on the binding affinity towards 

anions is examined. The metal was found to induce enhancements in the anion binding 

affinity, resulting in higher binding constants than those observed for the simple urea 

based receptor. In addition, a new method for discriminating the nature o f  the bound 

anion was devised, as only the addition o f  phosphates, H2P0 4 ' and H2P2 0 7 ‘̂, quenched 

the em ission intensity o f  both the Cu(II) and the Fe(II) phen  coordinated complexes.

Chapter 5 exam ines the formation, characterisation, and photophysical studies o f  a 

novel supramolecular self-assem bly complex, between Eu(III) and the heteroditopic 

receptor described in Chapter 4. The lanthanide luminescence o f  the Eu(III) was 

‘enhanced in the presence o f  the phen  based receptor, demonstrating the sensitisation 

o f  the metal ion by this receptor. It is also shown that the presence o f  the Eu(III) ion 

induces the formation o f  a self-assem bly complex in a 1:3 (metal:receptor) 

stoichiometry. Furthermore, the ability o f  such a self-assem bly architecture to signal 

the presence o f  anions is demonstrated, as the lanthanide lum inescence intensity o f  this 

system was observed to change drastically in the presence o f  anions.

Chapter 6, the final chapter, outlines the experimental procedures for the synthesis 

and evaluation o f  the compounds discussed in Chapters 2, 3, 4, and 5.



Abstract

This thesis entitled "^Design, Synthesis and Photophysical Evaluation o f  Novel 

Luminescent Sensing Devices: From Anion Sensors to Heteroditopic Receptors" is 

divided into six chapters. Chapter 1, the introduction, is divided into two parts. The 

first part provides an insight into the field o f anion recognition based on the use of 

optical chemosensors, followed by a brief overview o f the fluorescent based sensors 

that have been developed in the past. The principles and advantages o f lanthanide 

luminescent sensing are illustrated and a review o f lanthanide complexes used in anion 

sensing is presented. The second part o f this chapter highlights the recognition o f both 

cations and anions by using heteroditopic receptors. A review on the advances of 

synthetic heteroditopic receptors reported in the literature is presented. Their mode of 

action, as well as their relevance on the detection and extraction o f toxic ions from 

aqueous environments, and their use as artificial carriers and channels for the transport 

o f inorganic and organic salts across membranes is also described.

Chapter 2 details the synthesis and characterisation o f  a novel cyclen based 

lanthanide luminescent sensor, designed for the recognition o f  anions by incorporating 

hydrogen bonding receptor moieties into a covalently attached antenna. The synthesis 

o f cyclen based Tb(III) and Eu(III) diaryl-urea complexes and their photophysical 

properties is described. Analysis o f the ground state, the emission from the singlet and 

the Tb(Ill) excited states, clearly shows the ability o f the Tb(III) complex to signal the 

presence o f anions in solution, through multiple binding interactions. The long-lived 

lanthanide luminescence from the Tb(IlI) diaryl-urea complex was significantly 

enhanced only upon recognition o f H2PO4'. Furthermore, this complex displays good 

selectivity for H2PO4' over other competitive anions such as CHaCOO'.

Chapter 3 describes the synthesis and characterisation o f three new and structurally 

simple anion receptors, based on the use o f combined aryl amide and urea moieties as 

hydrogen bonding sites. These receptors differ only in the relative position o f  the amide 

moiety to that o f  the urea functionality. Such a difference was observed to play a major 

role in the ability o f  these receptors to form large solid state networks through the 

formation o f either intra or intermolecular hydrogen bonding interactions. Furthermore, 

all three receptors revealed different binding interactions with the various anions 

studied, which demonstrates that by changing the position o f  the amide moiety on the 

aromatic ring, and hence by introducing small changes to the structure o f  the receptor, 

different binding interactions and binding affinities can be induced.
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Chapter 1 - Introduction

1.1 Introduction

Supramolecular chemistry has become one o f  the fastest growing areas o f chemistry.' 

A fundamental concept associated with supramolecular chemistry is that o f  molecular 

recognition, which has been defined by biologists and chemists as a process involving both 

binding and selection o f  guest(s) by a given receptor (host) molecule. Mere binding is not 

recognition, since it is a specific fianction belonging to the host-guest complex, one may 

say that recognition is binding with a purpose. The recognition process must be fast and 

reversible. Selectivity is ultimately the result o f  strong binding by species o f  interest and
2 3lesser binding by species o f  non interest. ’ Supramolecular chemistry in combination with 

advances in photochemistry are the basis for a novel and powerfiil area o f current research 

in the field o f host-guest interactions, contributing to the progress on the systematic design 

and synthesis o f novel sensing systems.

The following sections o f this chapter will be used to discuss and provide detailed 

examples on the sensing process by means o f optical recognition. A major part o f this 

discussion will be focused on the binding o f  anionic species. This will then be followed by 

a detailed discussion into the development o f  lanthanide complexes as sensors. Finally, 

detailed examples o f  the simultaneous binding o f anions and cations by the use o f 

heteroditopic receptors will be provided.

1.2 Molecular sensors

A sensor is an entity that responds to chemical or physical stimulus by generating a 

signal measurable by an external operator. Therefore, a chemosensor (chemical sensor) has 

to be equipped with two basic components: a receptor and a signaling entity. The receptor 

must be able to selectively interact and recognise the desired analyte, such as ions and 

molecules, while the role o f  the signaling system is to act as a signal transducer. That is, to 

translate the chemical changes taking place at a molecular level (recognition process) into a 

visible or measurable output. The output can have different instrumental nature, such as 

being a shift in a NMR peak, the displacement o f  a voltammetric wave, a color change 

associated with the modified absorption spectrum, or a change in luminescent properties. 

Nevertheless, optical responses such as colorimetric, fluorescent (photoinduced electron 

transfer, PET) and luminescent (metal centred) are among the most common."^^ The sensor

1



Chapter 1 - Introduction

can be constructed by combining these two components in different ways, as shown in 

Figure 1.2 *

ReceptorIntegrated ( Chromophore

Receptor
Chromophore | Spacer

Signaling
Unit Recognition

Unit

Figure 1.2 Schematic rqjresentation o f  the basic components of a chemosensor.'*

The way in which the receptor (recognition unit) and the chromophore (signaling unit) 

are connected depends on the photophysical property employed. Sensors where the 

signaling moiety and the receptor are attached in an integrated manner involve 

photophysical processes in which an intemal charge transfer (ICT) is required in the 

communication process."* The mettiod o f communication between the receptor and the 

chromophore in spaced systems occurs via electron transfer (eT) or energy transfer (ET). In 

such systems the spacer is used to prevent any x - t t  or a-ir interactions between the two 

components.^’**

The following sections will look briefly at the history o f anion sensing, and discuss the 

factors which may affect the development o f anion receptors and sensors.

1 3  Anion receptors

Monitoring the concentration o f ions and molecules in vivo is o f critical importance as 

many o f these ions and molecules are involved in crucial biological and chemical 

processes. Anions, in particular, are essential to life, as many biological processes depend

2



Chapter I - Introduction

on the presence or transport o f these negatively charged species, or use them to carry out 

chemical transformations.^ They have also become progressively more used in industrial 

processes as well as in agriculture, which consequently puts them in the class o f 

pollutants.'^ It has thus become evident that there is significant need for the development o f 

synthetic receptors able to report the presence o f  anions. Nevertheless, sensors for selective 

detection o f  anionic species are still relatively rare, when compared to the development o f 

sensors for selective detection o f  cations." '̂  Interestingly, both receptors for the binding 

o f  cations as well as anions were first reported in the same year. In 1967, two papers were 

submitted for publication by Pedersen and by Park and Simmons, respectively. Pedersen’s 

paper dealt with the synthesis o f the first series o f  crown ethers, including the well known 

18-crown-6, 1 , and their ability to bind cations.’̂  The manuscript by the other two authors 

reported the first synthetic receptor, 2, able to bind halide anions.'^ In this case the halide 

was held by the array o f  hydrogen bonds within the bicyclic fi-amework as well as by 

electrostatic interactions.

Whereas the coordination chemistry o f  cations has been extensively studied, anion 

coordination still remains relatively unexplored. In fact, while cation coordination 

flourished instantaneously after Pedersen’s publication, the field o f  anion binding only 

started to develop around eight years after the first example provided by Park and 

Simmons. In 1976 Graf and Lehn reported a protonated cryptand, which demonstrated high 

binding affinity towards halide ions such as B f and Cl .'* Although this ligand was 

designed to bind alkali (K"̂ , Rb^, Cs^) and ammonium (N H /) cations, it was observed 

that the protonated tetraammonium was able to bind halides selectively.'* Ever since, the

3



Chapter 1 - Introduction

synthesis o f anionic receptors has been a tremendous challenge for chemists mainly due to 

some inherent features o f anions, in comparison with other species such as cations.

Anions are larger than their isoelectronic cations, and therefore have a lower charge to
. . . .  20 • • radius ratio. This decreases the effectiveness o f electrostatic binding. Anionic species

display a wide range o f shapes, sizes and geometries, and therefore a higher degree o f

receptor design is required for host-guest complimentarity.^’̂*̂

The halides, F', Cl', Br' and I' are all mono-atomic and spherical. Their lone pair o f  

electrons does not introduce directionality to the system and are thus difficult to exploit 

when designing receptors. Oxoanions such as phosphates and sulfates display tetrahedral 

geometries, while carboxylate and nitrate anions are flat trigonal planar in structure. 

Another feature to have in consideration is that anions are pH sensitive, and so receptors 

must function within the pH window of the target anion. Also o f detrimental importance is 

the nature o f solvent, given that solvent effects play a crucial role in controlling anion 

binding strength and selectivity. As anions are usually highly solvated, competitive 

solvents particularly hydroxylic solvents such as water, can effectively compete with the 

receptor binding sites as they can form strong hydrogen bonds with the anions."*’’̂ ' 

Hydrophobicity is yet another factor that can be o f significance in anion selectivity. The 

particular interactions between anions and water were first noticed by Hofmeister more 

than one century ago, leading to the ordering o f anions by their degree o f hydrophobicity 

(degree o f aqueous solvation) known as the Hofmeister series. The establishment o f this 

series was achieved through studies on the effect of salts on the solubility o f proteins.

U . l  Nature of anion receptors

Throughout the literature it can be observed that all the mentioned factors, such as 

geometry and basicity o f the anions as well as the nature o f the solvent, have to be taken 

into account when designing selective anion receptors. There are two main types o f anion 

receptors: positively charged and charge neutral receptors.^^ These receptors usually use 

different types o f non-covalent interactions in order to bind the anionic species. Among the 

most common type o f interactions employed by the receptors are: electrostatic interactions, 

hydrogen bonding, interactions with metal centers, and a combination o f these interactions. 

In order to be able to exploit such interactions with the negatively charged species

4



Chapter I - Introduction

(recognition phenomena), receptor binding sites are usually designed by taking advantage
24  27  25  26  28  29  30  * * 31o f different groups such as amides ‘ , urea/thioureas ’ ’ ’ , pyrroles , Lewis acids, 

guanidinium derivatives, and ammonium centers

1.4 Signaling units

The role o f  the signaling unit is as previously stated to act as a signal transducer. That 

is, to translate the chemical changes taking place at a molecular level (the anion binding 

process) into a s ig n a l.O p tic a l responses such as colorimetric, fluorescent (photoinduced 

electron transfer, PET) and luminescent (metal centred) are among the most common. In 

the following sections the use o f  fluorescence and luminescence as the signaling mode o f  

the recognition event will be discussed.

1.4.1 Fluorescence based signaling

The general phenomenon o f  light emission from electronically excited species is known 

as luminescence. There are two main types o f  luminescence: fluorescence and 

phosphorescence. Fluorescence is a radiative process between states o f  the same 

multiplicity. It occurs for instance when the molecule emits light as it transits from the 

singlet excited state (S|) to its ground state (So). During the time that the molecule spends 

in the excited state, energy is dissipated non-radiatively from the higher vibrational levels 

to form the lowest vibrational level o f  Si. Nevertheless, fluorescence is not the only way o f  

releasing the energy stored in the excited state (Si). The molecule may return to the 

electronic ground state (So) with only the release o f  heat (radiationless relaxation), or the 

molecule may undergo a change o f  spin state (intersystem crossing) accessing a lower 

energy triplet state (T|). Relaxation from the T | state to the So state can also occur with 

light emission (phosphorescence). The process is illustrated by the simplified Jablonski 

diagram shown in Figure 1.4.1. Phosphorescence is longer-lived than fluorescence, as a 

direct consequence o f  the forbidden nature o f a transition from a triplet to a singlet

5
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Vr

Vr

T. ^

Absorption

Fluorescerxje P hospho rescence

S . —

Figure 1.4.1 Simplified Jabionski diagram showing the sequence o f events leading to fluorescence and 
phosphorescence.

Also important are quenching processes. In the presence of an external acceptor, 

quenching is also able to compete with emission. These processes can be classified into 

two general pathways: electron transfer and energy transfer. Quenching by electron transfer 

is a one-electron reaction, in which an electron changes from an occupied orbital o f one 

component to an unoccupied orbital o f the other. Quenching by energy transfer can take 

place by two different mechanisms: the electron-exchange mechanism (Dexter mechanism) 

and the dipole-dipole mechanism (Forster mechanism).^^

1.4.1.1 Fluorescent sensors

Over the years fluorescence has become one of the most used modes o f detection, since 

it offers some advantages including high sensitivity, simplicity, and relatively inexpensive
3 7 13 38 39instruments. ’ ’ ’ ’ In particular, photoinduced electron transfer (PET) based fluorescent 

sensors have been extensively studied and widely used for sensing purposes."*’̂ ’̂ '’̂ ^

Czamik and co-workers developed the anthrylpolyamine conjugates 3, 4, and 5 for the 

recognition o f phosphate, citrate and pyrophosphate, respectively.^’"̂ ®'*' It was found that in 

aqueous solution, at pH 6, all the amine groups in 3 were protonated except the one linked 

to the anthracenyl fragment.

6
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The binding process taking place between the protonated form o f  3 and phosphate is 

depicted in Figure 1.4.1.1,1 and Figure 1.4.1.1.2. The tetraam ine in its protonated form, 6, 

displayed only a weak fluorescence (Figure 1.4.1.1.1).'*® In the absence o f  anions, the 

system is only weakly fluorescent, as the anthracene fluorescence is switched " o f f ”  due to 

photoinduced electron transfer (PET) from the lone pair o f  the nitrogen o f  the benzylic 

amine to the excited state o f  the anthracene. Illustration o f  the PET m echanism  is shown in 

Figure 1.4.1.1.1. In the presence o f  phosphate, the three positive charges on the 

am m onium  ions interact with the three oxygen atoms o f  the anion leaving the rem aining 

OH group in close proxim ity to the free amine as shown in structure 7 (Figure 1.4.1.1.1). 

This species (7) was expected to show low fluorescence due to quenching by the free 

amine group.

7
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Fluorescent emission "switched ofT'

F igure 1.4.1.1.1 Illustration o f  PET mechanism for 3. When the receptor is unbound (6) or partially bound 
(7) electron transfer from the lone pair o f  the benzylic nitrogen o f  the receptor can occur, preventing the 
deactivation o f  the fluorophore excited state. Consequently, low fluorescence em ission is observed for 6 and 
7.

The close proxim ity o f  the OH group to the benzylic amine (7) leads to a favourable 

intracomplex proton transfer to the benzylic nitrogen, giving rise to 8. This proton transfer 

suppresses the PET process, and therefore anion binding is accompanied by an increase in 

the fluorescence emission intensity."*^ The switching “o«” o f  the fluorescence upon anion 

binding is illustrated in Figure 1.4.1.1.2, Binding o f  3 to adenosine triphosphate, citrate, 

sulphate, and acetate also lead to fluorescence enhancements, although to a sm aller degree 

than those observed for the phosphate. Stmctural modification o f conjugated probes gave 

rise to even larger fluorescence enhancements for the binding o f  citrate to the 

anthrylbispolyam ine 4 . ‘*^ Com pound 5 was designed to discrim inate between phosphate 

and pyrophosphate ions on the basis o f  size. It was found that 5 binds pyrophosphate over 

2000 times more strongly than phosphate.'*'



Chapter 1 - Introduction
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F igure 1 .4 .1 .1 2  Illustration o f  PET mechanism for 3 upon binding with phosphate. In this case, when the 
receptor is fiiiiy bound to the anion (8 ) the lone pair o f  the benzylic nitrogen is not available hence the PET  
quenching mechanism is suppressed. A s a consequence the fluorescence is “switched on".

Gunnlaugsson and co-workers have reported several elegant examples, 9-12, based on 

urea and thiourea charge-neutral fluorescent sensors. These compounds behave as PET 

sensors in which the anthracene fluorescence emission was quenched in DMSO in the 

presence o f  anions. Chemosensors 9 (a-c) and 11 (a-d) contain a thiourea and a urea group, 

respectively, linked to an anthracene fluorophore via a methylene spacer. The recognition 

process took place through hydrogen bonding interactions between the thiourea/urea NH 

groups and the anion. The fluorescence emission was quenched in the presence o f  anions 

such as F‘, CH3COO', and H2PO4". Furthermore, anions such as Cl" and B f did not induce 

any changes on the fluorescence spectra.^
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Substitution at the 10-position o f anthracene gave rise to the development o f the bis- 

systems 10 (a-b) and 12.'^ These chemosensors were designed for the recognition o f bis- 

carboxylates and pyrophosphate. They showed good affinity for biologically important ions 

such as glutarate, malonate, and pyrophosphate with 1:1 (host:guest) stoichiometries. The 

recognition event takes place through the two charge neutral thiourea/urea receptor sites 

with concomitant PET quenching o f the fluorescence emission.'*'^ After the pioneering work 

o f Gurmlaugsson, several groups reported the use o f simple urea/thiourea based charge- 

neutral fluorescent sensors for the recognition o f anions.

Yoon et al. reported a new anthracene derivative bearing two phenylurea groups, 13. 

This sensor shows a selective fluorescent quenching effect with F" in acetonitrile-DMSO

10
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(9:1, v/v) via a PET mechanism.'*^’'*̂  The binding selectivity for F' was found to be almost 

120 times higher when compared to Cl' ions.

Receptor 14 was studied independently by two different research groups. Tarr et al. 

found a fluorescence enhancement upon recognition o f  F' in DMSO-acetonitrile (4:6, v/v). 

In contrast, C1‘, B f, and I" gave rise to small decreases in the fluorescence emission."*^ 

Computer modelling indicated that binding o f F" induced an increase in the planarity o f  the 

complex, which might contribute to the fluorescence enhancement. The remaining halides 

did not induce the same degree o f planarity and showed weaker binding constants. Lee et 

al. studied the same receptor 14 in a somewhat different solvent mixture, acetonitrile- 

DMSO (9:1, v/v).'*^’'*̂  In this medium, additionally to the fluorescence enhancement o f  the 

379 nm band upon addition o f  F' a new intense emission band at 445 nm was also 

observed. This new fluorescence peak was found to be absence upon addition o f  C1‘, Br', 

and r . Calculations suggested that the new peak was attributed to the increased anionic 

character o f the urea nitrogen due to the strongly charged hydrogen bonding between 

fluoride and amide protons o f  the urea moiety. The selectivity towards F" was attributed to 

the smaller size o f this anion when compared with other halides (CP, Br', I ), which enables 

fluoride ions to approach the amine protons much closer than other halides."*^
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R

15 R = H

16 R = CF3

Recently, Gunlaugsson and co-workers reported two novel fluorescent anion sensors, 

15 and 16, based on the principle o f '"chromophore-spacer-receptoi^\ as discussed 

previously (Section 1.2).̂ *̂  These sensors, bearing the ICT (internal charge transfer) 

naphthalimide chromophore, display a emission band centred at 525 nm in DMSO upon 

excitation at 444 nm. Upon addition of anions such as F", CH 3COO', and H2 PO4 ' the 

fluorescence emission was quenched, whereas addition o f Cl' and Br" induced no changes. 

This quenching o f the fluorescence was assigned to a PET process from the anion-receptor 

complex to the chromophore. CH 3COO', and H2 PO4 ' were observed to form 1:1 

(anion:receptor) complexes with the receptor. The quenching was more pronounced for F'. 

In addition, at higher concentrations o f F" a new band centred at 536 nm was observed in 

the absorption spectra, which induced a colour change from yellow to deep purple. These 

compounds were then described as dual fluorescent-colorimetric anion sensors. These 

changes in the absorption spectra were assigned to the deprotonation o f the 4-amino moiety 

o f the naphthalimide chromophore (enhancement o f the push-pull character o f the ICT 

chromophore), giving rise to the formation o f bifluoride anion (HF2 ’).

The examples given in this section are just a very small fraction of the variety o f 

fluorescent anion sensors developed to date. Several reviews have been published, which 

provide a good account on the development o f fluorescent anion sensing.

Although fluorescence based sensors possess some advantages over other types o f 

sensors, namely high sensitivity, there are also a number o f drawbacks when using

12
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fluorescent sensors for in vivo applications, such as background emission or auto

fluorescence and light scattering from the surrounding biological environment. 

Consequently, the emission o f many fluorescent systems, characterised by short lifetimes 

(in the nanosecond range), cannot be distinguished from the emission caused by auto- 

fluorescence.^' Such problems have directed research towards the search for a better 

alternative. One way o f overcoming these drawbacks is the use o f  delayed lanthanide 

luminescence.^^

1.4.2 Lanthanide luminescence based signaling

Over the past number o f years, there has been a growing interest in the chemistry o f  

lanthanide complexes. The multidisciplinary character o f  lanthanide research is patent on 

the several types o f lanthanide complexes that have successfully been developed as 

fijnctional molecular devices in the fields o f chemistry, biology, medicine and materials
53science. For example, (a) luminescent sensors and light converters, (b) contrast agents 

used in magnetic resonance imaging (MRI) and (c) catalysts in organic and biological 

reactions.^"* In all these examples, it is obvious that careful design o f the ligands, and hence 

a precise structural control o f  the lanthanide ion (Ln(III)) coordination sites, allow the 

construction o f  programmed functional devices by taking advantage o f the different 

properties (electronic, spectroscopic and magnetic) o f these metal ions.

Due to the unique luminescence properties o f the lanthanide ions, lanthanide complexes 

possess a number o f  advantages that make them attractive for signalling purposes. These 

advantages include large stokes shifts (>200nm), narrow emission bands and long excited 

state lifetimes, provided that deactivations by non-radiative pathways are minimised. The 

lifetime o f emission from the excited state o f  the lanthanide ions falls in the range o f  

microseconds (e.g. Yb(III), Nd(III)) to milliseconds (for the visible light emitting Eu(lII)
52and Tb(III)). Such long-lived emissions have led to numerous applications o f  lanthanide- 

based systems as luminescent probes and sensors.^^’̂  ̂ This is due to the use o f  time 

resolved techniques, which allow an easy distinction o f the luminescence signal from the 

shorter-lived (ns time frame) background fluorescence, present in most biological systems, 

overcoming the problems associated with auto-fluorescence and Rayleigh scattering.^^’̂ '̂̂ *

13
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The main drawbaclc related to lanthanide ions is their low extinction coefficients 

associated with Laporte-forbidden f - f  transitions. As a result of being such a poor light 

absorbers, the population o f  their excited states by direct excitation is inefficient, unless a 

very intense light source is used such as laser excitation. This disadvantage can be 

overcome by means o f indirect excitation using a sensitising chromophore (also known as 

a n t e n n a ) . T h e  antenna effect is illustrated in Figure 1.4.2. The sensitising antenna, by 

the absorption o f light, is excited to a singlet state ( ’tttt*). The energy can then be 

transferred to its triplet state (^tttt*), by means o f intersystem crossing (ISC), and eventually 

transmitted to the lanthanide excited state, Ln(III) , through an intramolecular energy 

transfer (ET), ki. The excited energy can now be lost through emission o f light, leading to 

the characteristic lanthanide luminescence.^^’̂ ’̂̂ ^

Antenna

ISC
ET

Lanthanide
Luminescence

Absorption

Ln(lll)*

Ground State

Figure 1.4.2: Simplified schematic representation o f  the antenna effect occurring in Ln(IU) complexes 
possessing aromatic chromophores. The diagram shows the process o f  energy transfer (ET), via intersystem 
crossing (ISC), from the antenna to the metal centre leading to lanthanide emission.

The intramolecular energy transfer (ET), from the triplet state o f the antenna to the 

lanthanide centre (^tttt* ^  Ln(III)*), can occur via two possible mechanisms. The Forster 

energy transfer mechanism^ and the Dexter mechanism^^. The Forster mechanism involves 

the overlap o f energy levels and it is described in terms of an interaction between the 

transition dipole moments (a dipolar mechanism). The energy transfer occurs through space 

and is distance dependent, where r is the distance between the metal ion and the excited 

chromophore/antenna. Consequently, the energy transfer process can be made more

14
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efficient by m inim ising the distance between the lanthanide ion and the antenna. In the 

Dexter m echanism , the energy transfer occurs as a result o f  an electron exchange between 

the excited chrom ophore and the metal ion in a through-bond interaction with an e  '  

dependency. Again the process can be made more efficient by m inim ising the distance r .^

The sensitisation process is highly dependent on the choice o f  chrom ophore, which in 

turn is generally dictated by the energy o f  the emissive state o f  the metal. The sensitiser 

m ust possess an excited state with energy sim ilar or higher to that o f  the metal emissive 

state in order to allow sensitisation to occur. The use o f  antennae possessing too small an 

energy gap (< 1700 c m '')  is disadvantageous since therm ally activated back energy transfer 

from the metal (Ln(III)*) to the sensitiser (^tttt*) can then compete w ith emission, k.i 

(Figure 1.4.2)*^’̂  ̂ Am ong the lanthanide ions, the two most used visible em itters, Eu(lII) 

(red em ission) and Tb(III) (green em ission) have the largest energy gaps between their 

em issive and ground states, being therefore the least sensitive to vibrational quenching by 

solvent w ater m olecules or by N-H and C-H oscillators. Their emissive states, ^Do and ^D4, 

lie at 17 200 cm ' and 20 500 cm ' for Eu(III) and Tb(III) respectively. Taking this into 

consideration, a diverse range o f  arom atic chrom ophores have been proposed including 

bipyridines, terpyridines, triphenylenes, quinolines, substituted phenyl and naphthyl 

groups, all possessing an energy o f  their triplet excited state lying at least 1700 cm ‘‘ above
52 58the em issive state o f  the lanthanide. ’ Another desirable feature o f  the sensitiser is to 

possess a relatively low singlet excited state energy (small energy gap betw een 'tttt* and 

T̂TTT*) to allow  excitation at long wavelengths (300 -  400 nm ) avoiding this way the 

com petitive absorption o f  com m on biomolecules, such as proteins and nucleic acids. 

Therefore, the overall efficiency o f  Ln(III) sensitised emission is regulated by the use o f  

chrom ophores possessing high extinction coefficients, a fast intersystem crossing step to 

ensure an efficient population o f  the triplet state, and a fast energy transfer step

leading to efficient population o f  the lanthanide excited state.

1.4.2.1 Q uenching o f the lanthanide excited state (Ln(III)*)

As m entioned, luminescence from the lanthanide excited states can be quenched by

non-radiative processes. N on-radiative deactivation may occur through energy transfer to
• 68vibrational m odes which match the energy o f  the excited state o f  the lanthanide ion. In
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aqueous solution, the main quenching process involves energy transfer into 0 -H stretching 

vibrations o f  solvent water molecules. This process is strongly dependent on the distance 

between the lanthanide and the O-H oscillator, such that directly coordinated water 

molecules have a much larger effect than closely diffusing waters. The energy transfer 

from the Ln(III) to bound or proximate O-H oscillators occurs via a Forster^ mechanism in 

which dipole-dipole interactions dominate. This process is distance dependent, following 

an r”̂  dependence (r being the distance between the metal centre and the O-H oscillator).^^ 

Variations in the number o f bound water molecules may therefore lead to significant 

changes in both the intensity and lifetime o f e m is s io n .T h e  extent o f this quenching was 

found to be inversely proportional to the energy gap between the emissive and the ground 

states o f the metal, Tb(III) being the less readily quenched by these oscillators. Although 

not to the same extent as O-H oscillators, other de-activating vibrations such as from N-H 

and C-H oscillators can quench the luminescence of a lanthanide ion.

Based on the assumption that moving from H2O to D2O changes only the nature o f the 

solvent oscillator, and that all the other quenching paths are the same in water and in 

deuterated water, the number o f water molecules bound to the lanthanide can be assessed 

by measuring the luminescent lifetimes (r) o f the lanthanide excited states in H2O (th2o) 

and D2O (rD2o) respectively. Determination o f^  values, number o f water-bound molecules, 

can be made using the equations derived by Horrocks et Studies carried out by the

Parker group lead to a refinement o f these equations by taking into account not only the

deactivation by O-H oscillators, but also deactivation by N-H and C-H oscillators. 

Equation 1 and Equation 2. In these equations, A are proportionality constants that mirror 

the sensitivity o f the corresponding ions to quenching by metal-bound water molecules. 

These constants, being specific to a given lanthanide ion, are 5.0 and 1.2 ms for Tb(III) and 

Eu(III) respectively.^*’̂ '*

^Tb(iii) ^ ^  [(i/rH2o -  1/td2o) -  0.06] Equation 1

^Ki<iii) = A [(I /rn2G -  1 /rD2o) -  0.25 -  0.075x] Equation 2
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The correction terms -0.25 and -0.06 represent quenching by second sphere water

molecules, whereas -0.075x represents the quenching by N-H oscillators , where x is the
68number o f such oscillators directly bound to a given complex.

In order to minimise vibration-induced deactivation processes, a rigid metal-ion 

environment is needed which is free o f high enei^y vibrations and which can protect the 

Ln'" ion from solvent coordination. The next sections shall detail some examples o f  

macrocyclic ligands, which have been employed in lanthanide complexation.

1.4.2.2 Lanthanide complexes

Lanthanide ions are inherently toxic to biological systems as they can displace Ca(II) in 

proteins, due to the size similarity with this cation.^^’̂  ̂ So in order to use these ions for in 

vivo sensing, thermodynamically and kinetically stable complexes are r e q u i r e d . T h i s  

can be obtained by designing ligands able to encapsulate the lanthanide ions by satisfying 

the coordination requirements o f these ions, within which the metal centre can be shielded 

from quenching moieties previously discussed. So, in order to successfully design these 

ligands several lanthanide characteristics have to be considered. Ln(III) ions possess 

relatively high charge densities and have strong electrostatic nature in their binding as well 

as a variety o f  coordination numbers, most frequently between eight and ten. Their Lewis 

acidity favours binding to nitrogen and oxygen atoms, and hence combinations o f amide 

and carboxylic groups are usually used in lanthanide complexation. The idea behind the 

design o f  such ligands is to build a pre-organised system bearing several donor atoms 

generating suitable interactions with the metal ion. Amongst the most commonly used 

frameworks are multidentate ligands such as podands^^ polyaminocarboxylates, /?- 

diketonates, macrocycles; either pre-disposed (e.g. cyclen derivatives and calixarenes fitted 

with fianctionalised pendant anns), or pre-organised (e.g. crown ethers or ciyptands).^^’*̂  

O f special interest for our research are macrocyclic receptors based on cyclen (1,4,7,10- 

tetraazacyclododecane). Below will be detailed some examples o f  such cyclen based 

ligands.

Tetra-substituted cyclen ligands such as 17, possessing coordinated carboxylates 

(DOTA), phosphinates, or amide pendant arms, by providing eight coordinating atoms, 

four by the macrocyclic nitrogens and four by the pendant arms, these ligands provide a

17
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good base for the design o f  kinetically inert and therm odynam ically stable lanthanide 

com plexes. Such fiinctionalisation also offers the possibility to easily incorporate aromatic 

chrom ophores as sensitisers, thus giving rise to responsive lanthanide luminescent 

complexes.^ '

oL J o  R = OH
II N

R

R = NHR 
R = NR1R2

17

Biinzli et al. reported tetiaam ide cyclen frameworks bearing tlie aromatic phenacyl 

(18a) and 4-phenylphenacyl (18b) chrom ophores, which were able to efficiently sensitise 

the luminescence o f Tb(III) and Eu(IlI) ions in w a t e r . T h e s e  ligands fonn stable 1:1 

com plexes with lanthanide ions in water. The crystal structure obtained for Tb . l8a  showed 

the metal ion lying on a C4 axis and being nine coordinate, with one water molecule in its 

inner coordination sphere. The absolute quantum yields were determined for the 

com plexes, o f  both 18a and 18b, formed with Sm(III), Eu(IIl), Tb(III), and Dy(III). Large 

values o f  23.1% for [Tb(H20)18a]^^ and 24.7% for [E u.(H 20)18bf" were found upon 

excitation o f  the phenacyl and 4-phenyIphenacyl chrom ophores, respectively.

Parker and co-workers reported a cyclen based ligand with three acetamide pendant 

arms and a quinoline based chrom ophore sensitiser linked via an amide, 19.^^ In this case, 

m easurem ent o f  the luminescence quantum  yields showed that sensitisation o f  Tb . l9  was 

more efficient than for the Eu.l9  com plex, with values o f  0.044 and 0.018 respectively. 

Both the intensity and lifetime o f  the terbium emission were significantly reduced through 

a therm ally activated back energy transfer process o f  deactivation, due to a low-lying triplet 

state. The low quantum yield o f  Eu . l9  was attributed to a competitive charge transfer d e 

excitation pathway, hence limiting the efficiency o f  sensitisation.
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Beeby et al. have reported a cyclen based ligand functionalised with three carboxylic 

pendant arms and a benzophenone chromophore attached to the fourth cyclen nitrogen 

through an amide bridging group, 20.*  ̂ This ligand (20) gave rise to charge neutral Eu(III) 

and Tb(III) complexes, exhibiting quantum yields o f 0.095 and 0.27 for Eu.20 and Tb.20 

respectively when measured in water.*"* Quici and co-workers reported ligand 21.*^ 

Similarly to the previous ligand (20) discussed, ligand 21 is also based on the 1,4,7,10- 

tetraazacyclododecane-l,4,7-triacetic acid (D03A) as the receptor unit for the lanthanide 

ions. Nevertheless, the chromophore is now an appended fijnctionalised 1,10- 

phenanthroline {phen). In the Ln(III) complexes o f  21, the phen  moiety was found to be 

directly involved in the coordination process o f the lanthanide ions. Furthermore, the 

rigidity o f  the phen  chromophore and its spatial arrangement within the complex was found 

to prevent the access o f any water molecule into the first coordination sphere o f the metal, 

hence resulting in good shielding o f the lanthanide centre (^ = 0 and q = 0.2 for Eu.21 and 

Tb.21 respectively). The complexes showed high luminescence efficiencies in water, with 

an increase in the quantum yield for Eu.21 o f 0.21, when compared to the quantum yield o f  

0.095 for Eu.20.

20 21
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The examples given above were selected to show that the photophysical properties o f  

lanthanide complexes vary greatly depending on the properties o f the sensitising 

chrom ophore. The following section will detail some examples regarding the application o f  

lanthanide com plexes as sensing devices.

1.5. Lanthanide com plexes as sensing devices

Taking into account all the requirem ents discussed in the previous sections, in order to 

use lanthanide com plexes as signaling devices or sensors, the detection o f  any changes in 

the photophysical properties o f  the com plexes as a direct consequence o f  the presence o f  an 

analyte is o f  crucial importance. As already mentioned (Section 1.4.2), the presence o f  a 

chrom ophore or an antenna able to sensitise the lanthanide luminescence is o f  crucial 

importance. There are a num ber o f  different methods for modulating the emission 

properties by external sources (ions or molecules).

The sensitisation process can be m odulated by the incorporation o f  a recognition unit 

into the antenna.^^ Upon analyte recognition, the physical properties o f  the antenna, such as 

the excited state energy, the redox properties, or even stmctural changes are modulated. 

This in turn affects the photophysical properties o f the lanthanide ion (excited state 

lifetimes, emission intensity).

The recognition process can also take place directly at the metal ion centre, provided 

that weakly bound ligands, such as solvents, can be displaced by the targeting 

analyte.^ ’̂*̂ ’*’

In the following section examples o f  cyclen based lanthanide complexes for the sensing 

o f  anions will be presented and their mode o f  action discussed. Several reviews have been 

published, which provide a good account o f  the development o f lanthanide com plexes for
58 61 62 66 67 88sensing purposes in general, including anions, cations, and neutral molecules. ’ ’ ■ • ■

1.5.1. Lanthanide com plexes as anion sensors

In principle, anions may perturb the excited state o f the chromophore, or may affect the
52rate o f  quenching o f  the lanthanide excited state. In the latter case, anion binding to the 

lanthanide ion can lead to large changes in the lanthanide emission lifetime as well as
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em ission intensity, as bound water m olecules are displaced.^^’**̂ Exam ples o f  both cases 

w ill be presented below .

Addition o f  halide ions to the Eu(IlI) com plexes 22 and 23, lead to a decrease in the 

intensity o f  the phenanthridinium fluorescence (405 nm) and an associated decrease in the 

Eu(III) lum inescence intensity. A reduction in the em ission intensity o f  a factor o f  four was 

o b s e r v e d . T h e  Cl' quenching effect was independent o f  added lactate, phosphate, citrate, 

and hydrogencarbonate. The efficien cy  o f  quenching follow ed the order I' >  B f  >  Cl and 

was supposed to involve charge transfer from the halide ion to the excited singlet o f  the 

chromophore. The fluorescence o f  A^-alkylated phenanthridinium ions is known to be 

quenched by halide anions in aqueous media.^° This phenom enon has been em ployed in the 

developm ent o f  assays for chloride ion in biological media.^'

rii II__ 'r
Me

As previously m entioned, water m olecules can bind to the lanthanide ions in 

unsaturated ligands to fill fill the coordination requirements o f  these metal ions. Since, 

water m olecules are able to quench the excited state o f  lanthanide ions such as Eu(III) and 

Tb(III), displacem ent o f  these quenchers would lead to changes in the lum inescence 

properties o f  the lanthanide. Therefore, this enables the detection o f  the direct coordination  

o f  an analyte to the metal centre.

A series o f  cationic, zwitterionic, and anionic Eu(III) com plexes, such as 24 -  26, have 

been developed by Parker et al. for the detection o f  bicarbonate (HC0 3 ').^ ’̂̂  ̂ An acridone 

was used as the chromophore, which allowed sensitisation o f  the Eu(III) em ission  

fo llow ing excitation at 3 9 0 ^ 1 0  nm. The advantages o f  using such an antenna as a sentitiser
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had been previously reported by Faulkner et a l . ^  Each o f these complexes was found to 

selectively bmd bicarbonate at physiological pH. The binding process was signaled by 

changes o f the luminescence lifetimes and o f the Eu(lll) emission intensities, where q 

changed from 1 to 0. This supported the displacement o f  the metal bound inner sphere 

water molecule. By monitoring the ratio o f the emission intensity o f Eu(lll) o f  the 618/588 

or 618/702 nm emission bands, the solution concentration o f bicarbonate could be assessed 

in a background o f competing anions such as lactate, citrate, and phosphate.^^

24  R = C 02Et, R' = Me
25 R = CO 2 -, R' = Me
26 R = CO 2  , R' = (CH2)2C02'

The use o f such acridone Eu(III) complexes (25) has been extended to the sensing o f 

phosphate.*^ The binding o f selected phosphates, as well as phosphorylated amino acids 

such as Ser-OP and Tyr-OP was investigated by observing the emission spectra o f the 

complexes. Job plot analysis revealed the formation o f 1:1 adducts, which displayed subtly 

different emission spectra with Tyr-OP showing the lowest AJ = 2/ AJ = 1 intensity ratio. In 

each case, the obtained data was consistent with formation o f mono-aqua species with 

phosphate anion acting as a monodentate ligand, as depicted in Scheme 1.5.1.
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Schem e 13.1 Binding o f  Tyr-OP to the mono-aqua Eu(III) complex 25.

In aqueous media, the heptadentate Tb.27 and Eu.27 complexes developed by Parker 

and co-workers*^’*̂  ̂ gave rise to weak lanthanide emission, due to the presence o f  two 

bound w ater molecules.

 -- I 1^^

Ln = Tb(lll), Eu(lll)

In aqueous solution it was observed that both water m olecules could be displaced by 

anionic species such as phosphate, lactate, and carbonate, resulting in the foirnation o f  a 

1:1 adduct. This ternary com plex was signaled by large changes in the lifetime o f  the 

Eu(III) and Tb(III) excited state. In contrast, the lifetimes rem ained unchanged for ions 

such as Br' and Cl'. In the case o f  CH3COO", F', and H 2 PO 4 ', q was determined to be ca. 1, 

im plying the loss o f  a single bound water m olecule upon coordination o f  these anions to 

the lanthanide ions.
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R

2 8  L n  =  T b ( l l l ) ,  R  =  C H 3

2 9  L n  =  T b ( l l l ) ,  R  =  H

Gunnlaugsson et al. have developed similar systems, 28 and 29 , for the binding o f 

aromatic carboxylates.*^’*’ The coordinatively unsaturated Tb(IlI) complexes 28 and 29 

were found to bind aromatic carboxylic anions such as jV,jV-dimethylaminobenzoic acid 

and salicylic acid in water. The coordination o f these aromatic anions to the non- 

luminescent Tb(III) complexes 28 and 29 occur via displacement of the two bound water 

molecules, giving rise to large enhancements in the Tb(lll) luminescence. A similar design 

was reported by Faulkner et al. for the sensing of tetrathiafulvalene carboxylate (31 ), by 

using the charge neutral IR-emitting Yb(III) complex 30 . In methanolic solution, the 

carboxylate coordinates to 30 through displacement o f the two bound water molecules. The 

tetrathiafiilvalene antenna was then able to transfer energy to the metal, causing the 

observed luminescence from the Yb(IIl) ion. More recently, this research group 

demonstrated the sensitisation o f the Nd(III) analog of 30 , using pyrene carboxylate as the 

sensitising antenna.^’ Upon coordination o f the pyrene carboxylate in water, intense 

characteristic Nd(III) emission bands at 1055 and 1350 nm were observed. These results 

are o f extreme importance for the development o f lanthanide based sensors and probes for 

biological applications. These near infrared emitting lanthanides [(Yb{III) and Nd(III)] 

possess lower energy emissive states, and hence are able to make use o f chromophores 

with longer absorption wavelengths (> 400 nm). This renders them a great advantage over 

other lanthanide ions such as Tb(III) and Eu(lII), when regarding in vivo applications.^* 

Nevertheles.s, since these ions emit at wavelengths greater than 800 nm, specialised 

instruments are required.
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1 O H 2
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'OHjO

32

Li and Wong reported the cyclen based Tb(III) complex 32, which was able to signal 

the presence o f  anions such as lactate and salicylate in physiological conditions.^^ Similarly 

to previous examples, 32 lack the presence o f a chromophore, hence was found to be non- 

luminescent. However, the luminescence lifetime and intensity were observed to vary 

greatly upon addition o f lactate and salicylate.

OH

OH

0-j- Ln,v_ 1 "H^O

O

33

O

rf\

34

Faulkner et al. reported the elegant xylyl bridged bis-cyclen system  33, able to 

accommodate two lanthanide ions. Excitation of the bridging antenna o f  the various 

lanthanide complexes gave rise to the typical lanthanide e m i s s i o n . T h e  similar cationic 

coordinatively unsaturated terbium dinuclear analogue, 34, was reported by Gunnlaugsson 

et This complex showed the ability to detect the presence o f  m ono- or bis- aromatic

carboxylates, such as A^,A^-dimethylaminobenzoic acid and terephthalic acid respectively, in 

buffered aqueous solution at physiological pH. The recognition o f  these ions was found to
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occur through the binding o f the carboxylates to the metal center, via the displacement o f 

the metal bound water molecules. This gave rise to significant enhancements in the Tb(lII) 

emission. In the presence o f tartaric acid, the recognition process gave rise to quenching o f 

the Tb(III) emission intensity.

/

Very recently, Gunnlaugsson and co-workers reported the dinuclear-Eu(III)- 

bismacrocyclic conjugate 35 as a delayed luminescent lanthanide sensor for 

dicarboxylates.'®^ The sensor was shown to bind small dicarboxylic acids such as aspartic, 

malonic, succinic, and glutaric acid in pH 6.5 solutions. Nevertheless, only malonic acid 

gave rise to selective Eu(IlI) luminescence enhancements, as the emission intensity was 

reduced for the other acids.

So far this chapter has focused on the sensing o f anionic species. However, in our 

research, we have also been concerned with the development o f heteroditopic receptors for 

the binding o f both anions and cations. Consequendy, the following section will detail 

some examples o f this kind o f  receptors and their applicability.

1.6. Heteroditopic Receptors

Although challenging and pertinent, the simultaneous recognition o f both cations and 

anions is still in its infancy. There are only a few examples o f these synthetic heteroditopic 

receptors. Research in this field is relevant to the detection and extraction o f toxic ions 

from aqueous environments, as well as to the design o f  artificial carriers and channels for 

the transport o f  inorganic and organic salts across membranes.'*^
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In general, heteroditopic receptors have been designed by com bining functionalities 

such as cation binding crown ethers and m odified calixarenes, with anion binding Lewis- 

acidic metal centres such as pyrroles, amido, and urea groups.'*’”*’'®̂  This kind o f  receptors 

may exhibit interesting cooperative and allosteric binding behaviours. The binding affinity 

o f  one ion can be facilitated by the coordination o f  the other ion due to electrostatic 

interactions and conformational effects.

One o f  the first exam ples o f  such receptors was provided by Reetz and co-workers who  

covalently linked a crown ether with a Lewis-acid boron m oiety, 36.'°^ H ost 36  was found 

to bind sim ultaneously with potassium  and fluoride ions. Here boron acts as a Lewis-acid  

site for F' w hile the polyoxyethylene chain binds the potassium cation. Under the 

conditions used no interaction was observed between this host and the salts KCl and KBr. 

On the other hand, the same host affords m onotopic cation binding with KI and KSCN. 

The sam e researchers also showed that the phenolic analogue o f  36  can be conveniently  

metalated with MesAl to form the aluminium containing com pound 37, which was 

expected to bind alkali metal salts, due to the presence o f  a fi'ee aluminium coordination  

site. The com plex between 37 with LiCl w as confirmed both in solution and in the solid  

state.

36 37

Reinhoudt and co-workers have elegantly illustrated the use o f  U O 2 based crown ether, 

38, as a receptor capable o f  sim ultaneously recognise potassium and dihydrogen phosphate. 

The anion binds the Lew is acidic uranyl (U02^^) w hile the cation attaches to the two 

benzo[15]crow n-5 m o i e t i e s . R e c e p t o r  38 was shown to be an efficient carrier for the 

transport o f  the hydrophilic salt KH2PO4 through liquid m e m b r a n e s . B y  replacing the 

benzo[15]crow n-5 functionalities with a rigid Cs^ selective calix[4]arene crown-6 m oiety,
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39, Reinhoudt and co-workers demonstrated the ability o f this biflinctional receptor to

transport CsCl and CSNO3 through a supported liquid membrane. I l l

N = -
UO,

'  I

38

•= N N = -
UO,

'  i,

HNNH

X= (CH.

c
- O  0 ~

39

Although C r is much more hydrophilic than NO3', a higher rate of flux was observed 

through the hydrophobic membrane for CsCl than for CsNOs in the presence o f receptor 39 

demonstrating in this way substrate selectivity. More significantly they found that this rate 

has largely exceeded the one observed when monotlinctional analogues were u sed .'" ’"^ 

This fact was seen as consistent with both binding sites being necessary to accomplish 

efficient complexation and transport.

The continued research work by the Reinhoudt group, in the field o f heteroditopic 

receptor design, gave rise to the calix[4]arene scaffold possessing a cation binding site, 

formed by ester groups, on the lower rim and anion binding urea groups on the upper 

rim ."^ The resulting receptor, 40, in CDCI3 adopts a pinched conformation due to 

intramolecular hydrogen bonding between the urea groups, thus preventing anion binding.
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However, upon addition o f  sodium ions, cation complexation at the lower rim alters the 

calyx conformation, breaking the hydrogen bonds between the urea groups as shown in 

Scheme 1.6. As a result, ions such as Cl' and Br' can be recognized at the upper rim.

o=<

0

EtO

06t

H -N
>=0o=<

0

EtO

EtO OEt

>=0

EtO

EtO EtO

40

Scheme 1.6: Proposed binding mechanism o f Na^ and Cl' by the ditopic receptor 40."^

Further examples o f  calix[4]arene based ditopic receptors have been reported by Beer 

and co-workers. An early example is receptor 41, which consists o f two benzo[15]crown-5 

groups attached to the calixarene through amide linkers.

OH OH

HN NH

41

NHHN

42

This compound on its own showed very little affinity for anions. However, in the 

presence o f  and N H / ions a sandwich complex is formed between the two benzo-crown 

units, which in turn bring the amide groups into closer mutual proximity. These 

conformational changes, coupled with the increased electrostatic attraction provided by the
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co-bound cation, led to a particularly strong binding o f H2PO4'. Structure 42 is a more 

recent example, coming from the Beer group, o f this kind o f molecule.”  ̂ Usmg 'H NMR 

titration studies, in a 1:1 mixture o f  CDCbic/^-DMSO, revealed that the bis crown ether 

calix[4]arene, 42, in the presence o f one equivalent o f enhances significantly the 

binding strength o f chloride, benzoate, and dihydrogen phosphate anions, via favourable 

pre-organisation and electrostatic effects. In contrast, with two equivalents o f sodium a 

decrease in the strength o f  anion binding was observed.

NHHN

- o  o - -o  o -r  • )Na

S c h e m e  1 .6 .1 : Schem atic illustration o f  a 1:1 binding betw een K ’ and 4 2  favouring anion com plexation , and 
the 2 N a ':4 2  com plex  w hich is enable to coop eratively  bind an anion.

The observed results were explained by the fact that forms an intramolecular 

sandwich complex with the crown ether moieties o f  42 leading to a pre-organisation o f the 

amide groups. These conformational changes, allied with mutual electrostatic cation-anion 

attractions and through bond inductive electrostatic effects o f the complexed metal cation, 

may enhance the relative acidity o f the receptor amide protons, leading to stronger 

hydrogen bonding with the guest anion. On the other hand, each crown ether complexes 

with one Na^, resulting in a 2Na :42 complex where the amides are unable to cooperatively 

complex an anion due to repulsive electrostatic effects (Scheme 1.6.1).

The concept o f using hosts composed o f Lewis acidic metal centres and crown ether 

moieties has been further extended to cobalt-containing aza crown ethers such as 43 and

44 116
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In both cases interaction with TBACl and TBABr, in M eCN, was observed by the 

dow nfield  shifts o f  the amide protons. These results have been explained by the researchers 

to be due to anion interaction with the hydrogen atom o f  the amide, to the cobalt and to the 

sodium  ions in the crown ether moiety. Beer and co-workers further reported the synthesis 

o f  a new  cobalticinium  bis crown ether receptor, 45, w hose halide anion recognition  

properties were “switched o f f ’ via  conformational changes induced by the presence o f  

crown ether com plexed potassium cations.'^  It was found that receptor 45 forms 1:2 ligand 

to metal com plex with sodium cations, indicating that the two benzo crown ether m oieties 

are individually com plexing a Na^. In contrast, the larger potassium cation foiTns a 1:1 

intramolecular sandwich com plex leading to a spatial arrangement o f  the anion binding site 

within the receptor contributing to the inhibition o f  anion binding. Therefore, the binding 

o f  halide anionic species can be switched on or o f f  via the absence or presence o f  

potassium  cations.''*^

Co
H

45

T he use o f  heteroditopic Ru(II) and Re(I)-bipyridyl-bis(benzocrown) receptors 46 and 

47  exem plify how  binding can not only give an allosteric effect but also induce a switch  

in anion selectivity. In the absence o f  cation the ligands show  to be selective for H2P0 4 '
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over Cr. However, after the formation o f  the intramolecular K^-biscrown sandwich  

com plex the selectivity was reversed.'

46 ; M  =  R u ( l l ) { b i p y )2 

47 ; M  =  R e ( l ) ( C 0 ) 3 B r

A lso reported were a series o f  calix[4]arene esters linked to Ru(II) or Re(I)-bipyridyl 

metal sites."* In the presence o f  one equivalent o f  the alkali metal cations (Na^ and Li^), an 

increase in the association constants for Br' and I' w as observed. The enhanced affinities 

for the anions, in the presence o f  the metal cations, were described by the authors to arise 

from mutual cation-anion attraction, pre-organizational effects and increased strength in 

hydrogen bonding to the anion, due to disruption o f  an intramolecular bond between the 

amide NH proton and calixarene ester moiety promoted by cation com plexation. 

Throughout the literature, other exam ples o f  system s making use o f  the already mentioned 

b en zo -15-crown-5 groups can be found. For instance, Nishizawa et al. have used the 

thiourea functionalised benzo-15-crow n-5, 48, to demonstrate the positive cooperative 

binding affinity for several anions, such as NO3', B f  and 1', in the presence o f  two  

equivalents o f  sodium cations. Beer and co-workers have synthesised a tripodal 

tris(amido benzo-15-crow n-5), 49 . In the presence o f  one equivalent o f  sodium  picrate the 

receptor show s enhanced anion binding for Cl', I' and Re0 4 ' ions. Receptor 49 was shown  

to efficiently extract N aT c04  (sodium  pertechnetate) under conditions designed to simulate 

aqueous waste solutions containing this radioactive waste material.
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48 49

M aking use o f  a bigger crown ether m oiety, benzo-19-crow n-6. Gunning reported a 

synthetic hetero-receptor, 50, which exhibits positive cooperativity for the binding o f
• • l 2 1  Iphosphate ion pairs in an aqueous environment, under physiological conditions. The 

ligand was tested with X H 2P0 4 ', where X  was either Na^, or Li^. The experimental 

results confirm that the KH2PO4 species is more tightly bound, exhibiting higher binding 

constants.

The research has been further extended to ferrocene based receptors. Beer and co 

workers reported a receptor that binds alkali metal cations at the lower rim o f  the
122calix[4]arene m oieties w hile, the anion binds the amide cleft o f  the ferrocene unit. More 

recent exam ples are for instance receptors 5l'^^and 52'^“*. The former receptor was 

designed by com bining the redox activity o f  the ferrocene m oiety with both the anion 

binding ability o f  the urea group and the crown ether as the alkaline binding site.
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Electrochemical responses were observed in the presence o f dihydrogenphosphate 

(H2 PO4  ) and fluoride (F‘) anions. Potassium cations were only detected in the presence o f 

H2 PO4 ' anions. Receptor 52, based on a diaza crown ether as the cationic binding site, 

covalently linked to an amido-ferrocene as the anion binding unit, was found to be 

selective for bromide ion in the presence o f sodium cation in 5% CD 3 CN/CHCI3 mixture. 

A similar neutral receptor had already been reported by Smith and co-workers, 53, which 

shows the ability to bind sodium and potassium chloride as a contact ion-pair leading to an 

effective transport o f either salt across vesicle membranes.'^^’'̂ ^

Chloride efflux from unilamellar vesicles was monitored using a chloride selective 

electrode. Mechanistic studies indicate that the facilitated chloride efflux is due to the 

uncomplexed macrobicycle receptor-transporter, 53, diffusing into the vesicle and the 

complexed transporter-sah diffusing out. Scheme 1.6.2.

t-B u

53
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t-B u  l-Bu

N H HN HNNH

Schem e 1 .62 : Proposed mechanistic pathway for the facilitated Cl' efflux from vesicles, mediated by 
transporter 53.'^^

By attaching two thiourea groups to dibenzo-diaza-30-crown-10, Kubo and co-worlcers 

have designed an ion-pair receptor, 54.'^^ The addition o f  potassium ions causes the crown 

ether to wrap around the metal, bringing in this way the two thiourea groups closer together 

forming a binding site for oxoanions such as (Ph0)2P(0)0 '. In fact, the binding affinity o f  

the receptor for the phosphate ions, at the two thiourea units, was enhanced by the presence 

ofK^ in acetonitrile-(/j.

54

With regards to ditopic receptors for transition metal salts, compounds such as 55'^* 

and 56'^^ have been reported. The later was achieved by linking azathioether macrocycles 

to urea groups. A series o f receptors based on compound 55 were synthesised by Tasker 

and co-workers'^*. The complexation o f  a transition metal, such as Cu(ll) or Ni(ll), to the 

salen-based recognition pocket results in the transference o f the phenolic protons to the 

amine groups o f  the morpholine moieties, creating as a result a binding site for oxo-anions 

by bringing the two groups into proximity.
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A nalysis by  X -ray  d iffraction  o f  the com plex  5 5 .N iS0 4  revealed  the sulphate to be 

bound to the quaternary  am ines via hydrogen  bonds. E lectrosta tic in teractions w ith the 

salen-bound Ni^^ ca tion  also contribu te to binding. T he researchers dem onstrated  the 

ab ility  o f  th is recep to r to ex tract CUSO4 into chloroform  from  an aqueous solution o f  

CUSO4 at pH  3.8.

A no ther im portant aspect o f  s im ultaneous anion and cation b ind ing  is the recognition o f  

organic ion-pairs, since at physio logical pH  am ino acids ex ist as zw itterions. K ilbum  and 

co-w orkers synthesised recep to r 57, structura lly  related to recep to r 53, w hich  was show n to 

take out m ono-potassium  salts o f  several d icarboxylic acids from  w ater into CDClj.'^®

T he com bination  o f  pyridyl fragm ents and urea o r th iourea  residues enables the 

sim ultaneous b ind ing  o f  transition  m etal ca tions and d icarboxylic  acidic anions. For 

exam ple, upon  form ation o f  a R u(II) com plex  betw een tw o terpyridyl fragm ents o f  

com pound 58, the arrangem ent in space o f  the th iourea  residues enab les the system  to 

selectively  ex tract g lu tara te  an ions.'^ '
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Schmidtchen covalently linked triaza-18-crown-6 with a positively charged 

polyammonium macrocycle to give a receptor able to efficiently bind zwitterionic 

compounds such as y-amino butyric acid.'^^ Sessler and co-workers have also reported 

several ditopic receptors for the transport of aromatic a-amino acids making use o f 

protonated sapphyrins.'^^ These protonated sapphyrins have also been used as building 

blocks for the synthesis o f receptors for p o l y a n i o n s . Y e t  another approach for 

carboxylate recognition was described by Ungaro and co-workers through the synthesis o f 

a calix[4]arene based system, 59.'^^ The binding of Na^ by four amide groups on the lower 

rim o f the calix was found to increase the binding of carboxylate anions, such as benzoate, 

propionate and isobutyrate. The authors based their explanation for this effect on the fact 

that Na^ complexation rigidities the calixarene apolar cavity and induces an electron- 

withdrawing effect on the upper rim thiourea moiety. As a consequence, the hydrogen 

ability of the thiourea NH groups is enhanced, thus increasing carboxylate anion 

recognition.

NH

NH

59 60

An alternative method for the development o f heteroditopic receptors employing cyclic 

peptides has been proposed by Kubik and G o d d a r d . T h e s e  authors have shown that the 

cyclic peptide 60 can be used to bind ammonium iodide salts with positive cooperativity. 

The receptor was found to adopt a conformation similar to the conical conformation o f the 

calixarenes and, similarly, bind cations through cation-7r interactions, while complexing the 

iodide anion via hydrogen bonding to the peptide NH groups.
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1.7. Conclusion

In the first part o f this chapter, the purpose was to highlight the field o f anion sensing, 

based on optical chemosensors. This involved a brief overview of fluorescence based 

sensors that have been developed. It has been described how one can to take advantage o f  

the photophysical properties o f lanthanide based luminescent complexes, and hence 

employ these systems in the sensing o f desirable analytes. Furthermore, advantages o f  such 

lanthanide complexes over conventional fluorescent systems have been highlighted.

In the second part, this chapter highlighted the recognition o f both cations and anions 

by using heteroditopic receptors. This involved a review o f the synthetic heteroditopic 

receptors reported in the literature. Their mode o f  function, as well their relevance on the 

detection and extraction o f  toxic ions from aqueous environments and use as artificial 

carriers and channels for the transport o f inorganic and organic salts across membranes has 

been described.

The main focus o f this thesis will be the synthesis and physical studies o f  chemosensors 

for anion recognition, as well as the synthesis and binding evaluation o f a novel 

heteroditopic receptor. Chapter 2 will detail the design and synthesis o f a novel lanthanide 

luminescent system for the detection o f anions. The synthesis o f cyclen based Tb(III) and 

Eu(III) diaryl urea complexes and their photophysical properties are described. 

Furthermore, the ability o f  the Tb(lII) complex to function as a sensor for anions is 

demonstrated. In order to further understand the binding processes involved in the 

recognition process between the lanthanide complex and anionic species. Chapter 3 

describes the synthesis o f three simple amido urea receptors and evaluates their binding 

interactions with anions. Chapter 4 deals with the design and synthesis o f a novel 

heteroditopic receptor. Its ability to function as a fluorescent sensor for chloride will be 

demonstrated. The binding with transition metals such as Cu(II) and Fe(II) will also be 

discussed. The interaction o f such transition metal complexes with anions will be analysed. 

Finally, Chapter 5 examines the self-assembly between Eu(III) and the heteroditopic 

receptor, described in the previous chapter. In addition, evaluation o f the lanthanide 

complex towards binding with anionic species will be reported.
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Chapter 2 - Cyclen based lanthanide luminescent devices fo r anion sensing

2.1 Introduction

The development o f luminescent devices for anion recognition and sensing is currently 

an area o f  extreme interest within the research community.'"'’'^’̂ *̂’̂ '’̂ ’̂̂ ’̂'^  ̂ The motivation 

behind such research is based on the fact that anions play an important role in biology, in 

medicine, and in the environment. In most cases, anion recognition has been 

accomplished by the use o f  either charge neutral or positively charged receptors. Charge 

neutral receptors are usually designed by using hydrogen bond donors groups such as 

amides,^'* urea and thioureas, among o t h e r s . I n  contrast, positively charged receptors 

often consist o f guanidinium derivatives,^^ ammonium centers,^'* or metal coordination 

c o m p l e x e s . O f t e n  these systems employ fluorescence as the mode o f  detection. 

Nevertheless, due to their short lifetimes (in the nanosecond range) fluorescence based 

systems can be affected by autofluorescence and light scattering, from surrounding 

biological environments, constituting a major drawback when working in vivo}^^ The need 

to overcome such problem has led to the development o f metal based luminescent 

chemosensors that possess long-lived excited states.*^ Amongst such systems are various 

lanthanide luminescent c o m p l e x e s . T h e  use o f  lanthanide luminescence for sensing 

purposes will be discussed below. This will be followed by the design and synthesis o f  

novel urea based cyclen lanthanide complexes for anion recognition.

2.1.1 Lanthanide luminescent sensors

The large positive charge o f  the lanthanide ions, their strong electrostatic bonding 

nature and long-lived excited states, allied with the sensitivity o f  their emission spectra to 

the coordination environment, make lanthanide ions ideal sensors for the detection o f 

anions. Nevertheless, there are also some drawbacks that need to be taken into 

consideration when using lanthanide ions. Free lanthanide ions are toxic due to their size 

similarity to Ca(II).^^ Furthermore, protic solvents quench lanthanide luminescence by non- 

radiative vibrational decay through the O-H oscillators.^^ In order to overcome such 

drawbacks and use these ions for in vivo sensing, thermodynamically and kinetically stable 

complexes o f  these ions are r e q u i r e d . A s  extensively detailed in Chapter 1, this can 

be achieved by incorporating these ions into organic ligands. The idea behind the chelation 

with such ligands is to build a pre-organised system bearing several donor atoms.
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generating suitable interactions with the metal ion which increases their stability'"*^ as well 

as providing shielding trom solvent molecules.''^' Cyclen (1,4,7,10-tetraazacyclododecane) 

derivatives are commonly used as they are known to form kinetically and 

thermodynamically stable complexes with lanthanide ions.^^’’'*** '^' Another drawback 

associated with lanthanide ions is their low absorption coefficients, resulting in inefficient
55 81152 67direct excitation. ’ ’ This problem can be solved by means o f indirect excitation. The 

excited state o f lanthanide ions can be populated by energy transfer from the triplet excited 

state of an organic antenna or a chromophore, resulting in sensitised lanthanide 

luminescence.*' This can be achieved either by direct coordination o f the antenna to the 

lanthanide ion, or by the covalent attachment o f the antenna to the aforementioned organic 

ligand framework. A very attractive aspect o f luminescent lanthanide chemosensors is that 

by incorporating an appropriate recognition moiety into the antenna, it is possible to 

achieve sensing through selective modulation of the lanthanide luminescence. Such 

modulation is caused by the binding o f the analyte to the receptor/antenna, which 

subsequently alters the efficiency o f the sensitisation process.*^

Inspired by the above, the aim o f this project was to design and develop novel 

chemosensors able to sense anionic species. In order to accomplish this, ligand 61 and the 

corresponding Tb(III) and Eu(III) complexes, Tb.61 and Eu.61, were designed. As 

required, the cyclen derivative 61 is able to fulfil the high coordination requirements o f 

these metal ions, by the four nitrogen donor atoms o f the ring and four additional oxygen 

donor atoms on the pendant arms, and hence give rise to very stable lanthanide complexes. 

The remaining coordination site will be occupied by a solvent molecule.

Al'"' V V -v i?"' ; ! "1“
X jO-i -cl.

> = 0  H

C F ,

H

' " J  Ln = Tb,  Tb. 61
' 6 1  Ln = Eu,  Eu. 61

The design o f  Ln.61 endowed these systems with three possible binding sites for anion 

recognition. As depicted in Scheme 2.1.1, the binding sites are circled in different colours
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for easy visualisation. Urea (orange) and amide (purple) are recognised as being good 

hydrogen bond donors and hence good receptors for anions, ’ ’ while the

displacement o f labile solvent molecules (green) by anionic species has been successfully 

a c h i e v e d . H o w e v e r ,  the combination o f  these binding sites within the same 

molecule, with the aim o f  achieving anion recognition has not been demonstrated to date. 

Hence, the objective o f this project was to generate a luminescent anion sensor, using the 

combination o f  these multiple binding sites for anion recognition, with the aim o f achieving 

maximum anion binding affinity.

OH^

Schem e 2.1.1: Proposed anion binding sites within L n .61. Orange ellipse represents the hydrogen bonding  
between the urea m oiety and the anion. The purple ellipse corresponds to the possible interaction with the 
amide moiety. Finally, the green circle sym bolizes the direct interaction with the lanthanide ion, by  
replacement o f  the solvent m olecule.

As previously stated lanthanide f - f  transitions are Laporte-forbidden, which make direct 

excitation o f  these metal ions difficult.^’ So, the design o f  Ln.61 envisaged indirect 

excitation o f  the lanthanide ion by the covalently attached antenna (Scheme 2.1.2). The 

diaryl-urea in Ln.61 plays a dual role, functioning both as an anion recognition moiety, and 

as the sensitising antenna. Hence, any perturbation on the antenna, such as anion 

recognition, shall lead to the modulation o f the sensitisation process with concomitant 

changes in the lanthanide luminescence (hv^m), Scheme 2.1.2. In addition to the 

recognition through the urea moiety depicted in Scheme 2.1.2, binding through the amide 

or directly to the metal centre are expected to fiirther modulate the lanthanide 

luminescence.
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Schem e 2.1.2: Schematic representation o f  lanthanide lum inescence modulation, upon anion recognition, 
through the urea moiety. The metal bound solvent m olecule was removed in order to sim plify the scheme.

The synthesis and characterisation of Hgand 61 and the corresponding Tb(III) and 

Eu(IIl) complexes, Tb.61 and Eu.61, will be presented in the following sections. 

Furthermore, the ability of these complexes to fiinction as anion sensing devices will be 

investigated.

2 2  Synthesis and characterisation of ligand 61

The first approach to the synthesis of host 61 was to synthesize the tri-arm acetamide 

cyclen based compound 62, as depicted in Scheme 2.2. Synthesis o f this compound 

involved the A^-alkylation of cyclen, 63, with three pendant amide arms. The synthesis was 

successfully achieved by reacting three equivalents of the a-chloroamide, 2-chloro- N,N- 

dimethyl acetamide, 64, with cyclen in dry CH3CN at 65°C for three days, in the presence 

of NaHCO} (Scheme 2.2).’̂  ̂ The desired product was then purified by alumina column 

chromatography using a gradient elution (CH2CI2 to 30% CH3OH). Upon drying the 

resulting residue under vacuum, off white foam was obtained in 69% yield.
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\

63 64

NaHCOj /

CHjCN

Schem e 22  Synthetic route o f  the acetamide tri-arm cyclen (62), by direct alkyiation with three acetamide 
arms

The synthesis o f  host 61 is outlined in Scheme 2.2.1. The synthesis o f  the chloro N -

(nitro-phenyl) acetamide, 65, was achieved in one step by reacting chloroacetyl chloride, 

66, with /7 -nitroaniline, 67, in the presence o f triethylamine (NEt3 ) at low temperature (- 

10°C) in dry CH 2 CI2 , followed by extraction using 0.1 M HCl. Compound 6 8  was obtained 

in a 74 % yield, by heating 65 and 62 under reflix in dry CH3CN, in the presence o f 

CS2CO 3 and KI. After filtration and solvent removal under reduced pressure, the nitro 

derivative, 6 8 , was then purified by column chromatography on alumina, using a gradient 

elution (CH2 CI2 to 20% C H 3 O H ). This was followed by reduction o f  the nitro group to the 

corresponding amine, 69, using N 2 H 4 .H 2 O , in the presence o f  10% Pd/C catalyst in ethanol 

at 90°C. Finally, the amino derivative was reacted overnight with trifluoro-/?-tolyl 

isocyanate, 70, in chloroform at room temperature. The solvent was removed under 

reduced pressure to yield a pale brown solid, which was then purified by alumina column 

chromatography under gradient elution conditions (CH2CI2 to 20% CH 3OH) to give the 

desired product as a yellow solid in 67 % yield.

43



Chapter 2 - Cyclen based lanthanide luminescent devices fo r anion sensing

Schem e 2.2.1 Synthetic route o f  ligand 61

The product was characterised using conventional methods, such as N M R and IR 

spectroscopy, ESM S, accurate mass and elemental analysis. The 'H-N M R spectrum  o f  61 

(Figure 2.2.1) showed the presence o f  the three N-H broad singlets at 10.07, 9.94 and 9.48 

ppm  respectively, as well as the expected resonances for the aromatic protons. The C H 3 

(18H) and CH 2 ( 8 H) protons o f  the arms, as well as the cyclen CH 2 ( I 6 H) protons were 

associated with signals occurring in the broad area between 3.0 - 2.0 ppm  with total 

integration o f  42. The '^C-NMR spectrum showed the presence o f  the four quaternary 

aromatic resonances at 153.08 ppm , 143.30 ppm , 135.16 ppm, and 133.13 ppm 

respectively, as well as the four aromatic CH peaks. The presence o f  the C F 3 group was 

also observed in the spectrum , showing the typical resonance for this group at -61.88 

ppm. ESMS analysis showed the presence o f  a single peak at 763.42, corresponding to the 

M + H species.
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Figure 2.2.1 'H-NM R o f  the ligand 61 (400 M Hz, CDClj)

23  Synthesis and characterisation of the lanthanide complexes o f 61, Ln.61

The synthesis o f the metal complexes Tb.61 and Eu.61 was achieved by refluxing 

ligand 61 with equivalent amounts o f Tb(III) and Eu(III) respectively, as their triflate salts 

((CF3 S 0 3 )3 ), in CH3CN under an inert atmosphere (Scheme 2.3). After solvent reduction, 

these solutions were dropped into stirring dry diethyl ether which resulted in the 

precipitation o f hygroscopic pale beige solids in a 74 % and 68 % yield for Tb.61 and 

Eu.61, respectively. These compounds were characterised using the aforementioned 

methods.

S chem e 2 3 :  Synthesis o f  Tb.61 and Eu.61 com plexes by reacting 61 with equivalent amounts o f  Ln(III) 
triflates, Tb(III)(CF3S 0 3 ) 3  and Eu(IIIXCF3S 0 3 ) 3  respectively.

61
Tb.61 : Ln = Tb 
Eu.61 : Ln = Eu
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Lanthanides are known to be NMR shift reagents. Protons in close proximity to the 

paramagnetic metal centre will experience an extra magnetic field, resulting in the shift o f 

their resonances in the NMR spectrum. Lanthanide complexes also give rise to fast 

relaxation times, which leads to peak broadening.^' '̂ * These are characteristics that can be 

employed to indicate ion complexation.

The 'H-NMR (400 MHz, CD 3 OD) spectra o f both complexes showed the presence o f 

the paramagnetic lanthanide ions, as evident from the broad resonances appearing over a 

large ppm range, which are indicative o f the shifted axial and equatorial protons o f the 

cyclen ring due to the presence o f the Ln(IlI) ion. This was clear evidence that 

complexation had occurred. In Figure 2.3 is depicted the 'H-NMR (400 MHz, CD 3 OD) 

spectmm for Tb.61. The broad resonances appearing over a large ppm range (from 160 

ppm to -130 ppm) are clearly shown in the the total 'H-NMR spectrum obtained for Tb.61, 

as depicted in the insert in Figure 2.3.

(ppm)

Figure 2 3 : Partial 'H-NMR (400 MHz, CD 3OD) o f  Tb.61 complex, showing the broadening o f  the peaks 
and large shifts due to the presence o f  the paramagnetic metal centre. Insert: The total 'H-NMR spectrum o f  
Tb.61, showing broad peaks appearing over a large ppm range (160 ppm to -130 ppm).

The ESMS proved very useftil in the characterisation o f the complexes. The spectra, for 

both Tb(IIl) and Eu(IlI) complexes, revealed a number o f peaks, corresponding to the m/z

46



Chapter 2 - Cyclen based lanthanide luminescent devices fo r  anion sensing

o f  the complex with differing numbers o f triflate counter ions. All o f the peaks present 

were associated with the desired complexes, as both the Tb(III) and Eu(III) characteristic 

isotopic distribution patterns were observed for all o f  them. The peaks depicted in Figure 

2.3.1 and Figure 2.3.2 correspond to the M/2 and [M + triflate]/2 species for the Tb.61 and 

Eu.61 complexes, respectively.

100
460 1

%

1:T0F MS ES+ 
1 79e3

460 6

461.1

I. -J  \ a _
m/z

457 458 459 460 461 462 463 464 465 466

Figure 23.1 ES Mass Spectrum o f Tb.61 showing the terbium characteristic isotopic distribution pattern. 
The peak shown corresponds to the M/2 species.

1; TOF MS ES+ 
1.55e4532.1

100

531.1

532.6531.6

533.6
m/z0^

528 529 530 531 532 533 534

Figure 23.2  ES Mass Spectrum o f Eu.61 showing the europium characteristic isotopic distribution pattern. 
The peaic shown corresponds to the [M + triflate]/2 species.

Infrared spectroscopy (IR) is another very usefiil tool in determining whether the 

successful complexation with the metal ion had o c c u r r e d . I n  the present case, the
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carbonyl bonds o f  ligand 2 are expected to be involved in the coordination process, by 

donating electron density to the metal centre, resulting in the change o f  the IR stretching 

frequency. This was indeed found to be the case, as upon Tb(III) and Eu(III) com plexation 

the IR stretching frequency o f  the carbonyl band in 61 decrease from 1646 cm ' to 1619 

cm ' and 1618 cm  ' fo rT b .61  and Eu.61, respectively (Table 2.3).

Com pound Carbonyl stretching (cm ‘‘)
Ligand 61 1646

Tb.61 1619
Eu.61 1618

Table 2 3 .: IR carbonyl stretching frequencies observed for ligand 61 and corresponding Ln(III) complexes 
(Tb.61 and Eu.61).

23.1  Determ ination o f  metal bound water m olecules

As stated before, ligand 61 can provide eight coordination sites for the lanthanide ions. 

Tb(III) and Eu(III) generally possess a coordination num ber o f  nine in such tetrasubstituted 

cyclen com plexes, with the ninth site being occupied by a solvent molecule.^^ *̂  Hence, 

both com plexes Tb.61 and Eu.61 were expected to possess one such metal bound water 

molecule. In order to determ ine the num ber o f  these bound water molecules, the hydration 

num ber (q) was determined by m easuring the excited state lifetimes (r) o f  the complexes in 

H2O (rn 2o) and D2O (rD2o), respectively. This was achieved by direct excitation o f the 

lanthanide ions at 366 and 395 nm for Tb(III) and Eu(III), respectively. From the measured 

values, q  was determined by using Equation 1 or Equation 2, introduced in Chapter 1, for 

Tb.61 or Eu.61, respectively.

^iixi'i) = 5  1 _  1 _  0  06] Equation 1

^Eu(iii) = 1 2  [(1 /rH2o -  I / t d2o) -  0.25 -  0.075x] Equation 2

In order to determine the num ber o f  these solvent m olecules, the hydration state, q,  was 

determined by m easuring the excited state lifetimes (r) o f  both complexes in H2O (rH2o) 

and D2O (rD2o), by  direct excitation o f  Tb(III) and Eu(IIl) at 366 nm and 395 nm, 

respectively. The luminescence decays were found to be single exponential for both the 

Tb{III) and Eu(III) complexes. The measured lifetimes, as well as the determined q  values
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are sum m arized in Table 2.3.1. In the case o f  Tb.61 the lifetime in H2O (th 2o) and D2O 

(t'd2o) was m easured to be 1.362 ms and 2.044 ms, respectively. Using Equation 1 a ^ 

value o f  0.93 was determined, indicating the presence o f  a single metal bound water 

molecule. Eu.61, gave rise to shorter lifetimes in both solvents. The lifetime in H2O (th 2o) 

and D2O (rD2o) was m easured to be 0.253 ms and 0.399 ms, respectively. Using Equation  

2 a q  value o f  1.17 was determined, indicating that Eu.61 also possess a single metal bound 

w ater molecule. As can be expected the complexes possess shorter lifetimes in H2O than in

D2O (Table 2.3.1). This is attributed to quenching o f  the excited state o f  the lanthanide
68metal ion by the O-H oscillators. The presence o f  such oscillators provides an efficient 

pathway for non-radiative deactivation via energy transfer to the vibrational states o f  the O- 

H oscillators. This deactivation pathway becom es m uch less efficient upon replacem ent o f  

O-H by O-D oscillators, hence higher lifetimes are observed in 0 2 ©.^^ The results o f  the 

lifetime analysis confirms, as predicted earlier, the presence o f  one bound water molecule 

in each one o f  the com plexes, Tb.61 and Eu.61.

Com plex TH 2o(m s) TD2o(m s) (7 (± 0 .5 )
Tb.61 1.362 2.044 0.93
Eu.61 0.253 0.399 1.17

Table 23 .1 : Measured lifetimes and determined q values for Tb.61 and Eu.61 showing the presence o f  one 
metal bound water molecule in both complexes.

A fter detailed characterisation both complexes were considered to be successfully 

synthesised in high purity. The following sections will focus on the photophysical 

properties o f  these complexes. Detailed studies perform ed in order to evaluate the 

com plexes ability to function as luminescent sensing devices for anionic species will also 

be presented and discussed within the following sections o f  this chapter.

2.4 Photophysical properties o f Tb.61 and Eu.61 com plexes

The design o f  the lanthanide based complexes, Tb.61 and Eu.61, envisaged indirect 

excitation o f  the Tb(III) and Eu(III) ions by a covalently attached diaryl-urea antenna. This 

antenna is expected to be able to transfer its energy, via the triplet excited state, to the 

excited states o f  Tb(lII) and Eu(III), ^ 0 4  and ^Dq respectively. The spectra o f  both Tb.61
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and Eu.61 were recorded in CH3CN by exciting the solutions at 280 nm (wavelength o f 

maximum absorbance o f the antenna, Xmax). The obtained spectra, Figure 2.4, shows the 

characteristic emission bands for the terbium (green) and europium (red) ions, 

demonstrating that such sensitisation is possible. Nevertheless, the Eu(III) complex, Eu.61, 

showed a much weaker emission intensity than Tb.61, implying that the antenna is not able 

to populate the Eu(III) excited state efficiently. This is most likely to occur due to 

quenching o f the Eu(IlI) excited state through efficient non-radiative deactivation pathways 

via energy transfer. The fact that, Eu.61 possesses such low lifetimes when compared to 

Tb.61 (0.253 ms and 1.362 ms respectively) is a clear indication that the quenching 

processes are more efficient for the former metal complex.
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F ig u re  2.4: L anthanide lum inescence spectra o f  T b.61  (green) and E u.61  (red) in C H 3C N , w hen using an 
excitation  w avelength o f 280  nm. Insert show s the w eaker sensitisation  o f  the europium  m etal ion.

Due to the less efficient sensitisation o f europium complex, Eu.61, by the covalently 

attached antenna, no further studies were performed on this complex. Therefore, the 

following sections will focus exclusively on the studies carried out on Tb.61 in the 

presence o f anions.
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2.5 Photophysical studies of Tb.61 towards the binding with anions

The formation and stability o f  the binding between anions (G) and Tb.61 (L) was 

investigated by UV-Visible and luminescence spectroscopy. This was done by carrying out 

titrations on a stock solution o f  Tb.61 (4 ^M ) with incremental small additions o f  known 

concentration o f  the different anion solutions, as their tetrabutylammonium salts (TBA ^, in 

CH 3 CN. Protic solvents, such as H2 O, can strongly compete with anion binding sites, 

resulting in very weak association constants in these solvents. Therefore, after preliminary 

evaluation using various solvents, CH3 CN was selected as the solvent to use. The anions 

studied included acetate (CH3 CO O), dihydrogenphosphate (H2 PO4 ), 

dihydrogenpyrophosphate (H2 P2 0 7  ̂ ), fluoride (F ) and chloride (Cl ).

The binding constants were determined by fitting the data, obtained from the changes in 

the UV-Visible and luminescence measurements, using the non-linear least-squares 

regression program, SPECFIT (Appendix Using this method, different

stoichiometnes between anion and Tb.61 as well as their binding constants (log K) can be 

evaluated. The program also takes into account the ability o f  the theoretical data to fit well 

with the experimental data, in the form o f the sum o f the squared standard deviation (SSD). 

However, this program is unable to accurately fit the data whenever the binding constant >  

1 0  ̂dm^ mol ', since, at equilibrium, the ratio o f the anion-bound complex concentration to 

those o f  its precursors becomes very large, which can lead to a significant error. Moreover, 

for species to be accurately fitted with SPECFIT, they need to be present in concentrations 

between 10% and 90% o f  formation. Outside this range o f concentrations, large errors are 

often associated with the calculated log K  values.

The absorption spectrum o f  Tb.61 exhibits one broad band centred at 280 nm (log e = 

4.46), assigned to the x-x* transitions o f the ligand. When exciting the sample at 280 nm, a 

very weak fluorescence spectrum was observed showing a peak at 304 nm and a broad 

shoulder at 330 nm. Moreover, four transitions corresponding to the lanthanide emission 

could also be seen. Using the same excitation wavelength, the phosphorescence emission 

for the lanthanide ion was also obtained as expected. The spectrum shows four well defined 

bands at 490 nm, 546 nm, 586 nm, and 622 nm, corresponding to the deactivation o f  ̂ D4 , to 

the ground states, ^Fj (J = 6 , J = 5, J = 4 and J = 3, respectively).^* '^^’’̂  The three spectra 

for Tb.61 are shown in Figure 2.5.
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Figure 2.5: Absorption (blue). Fluorescence (red), and Phosphorescence (green) spectra o f  T b.61 in CH 3CN. 
The fluorescence em ission intensity was divided by a factor o f  3400 and the phosphorescence em ission  
intensity w as divided by a factor o f  1400, in order to compare all three spectra in the sam e figure. The 
excitation wavelength used for obtaining both the em ission spectra was 280  nm.

Upon titration o f  10 mL solutions o f  Tb.61 (4 (.iM) in C H 3CN with different solutions 

o f  the anions m entioned above, dramatic changes were observed on both the absorption and 

the emission spectra. The observed changes on the UV-Visible absorption, fluorescence, 

and phosphorescence emission will be discussed in detail in the following sections. With 

regards to the fluorescence emission the obtained results will also be presented. 

Nevertheless, the discussion will be somewhat limited once the em ission spectra was 

‘contam inated’ by the presence o f  the Tb(III) emission bands occurring at longer 

wavelength. This factor plays an important role, especially with regards to the 

determination o f  the binding constants.

2.5.1 Photophysical studies o f Ln.61 towards binding with CH3COO'

The interaction between Tb.61 and CH 3CO O ' was investigated through 

spectrophotometric titration experiments. The changes on the UV-Visible, fluorescence, 

and lanthanide luminescence were followed. Figure 2.5.1 shows the fam ily o f  absorption 

spectra recorded during the course o f  the titration. The band centred at 278 nm experienced
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an initial small increase in the absorbance, followed by a progressive decrease, while a new 

band centred at 288 nm followed the opposite behaviour. The lack o f  a clear isosbestic 

point suggests the presence o f  more than two species at equilibrium in solution.
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Figure 2.5.1: Absorption spectra showing the changes in absorbance o f  Tb.61 (4 |iM) upon gradual additions 
ofCH ,COO' (0 -*  74.9 nM) in CHjCN.

The profile o f the absorbance changes at 270 nm and 300 nm versus the number o f 

equivalents o f CH3 COO added, shown in Figure 2.5.1.1, indicates the presence o f  a 

possible two step binding process. As can be observed, the first binding occurs up to one 

equivalent o f  added anion, corresponding to an increase in absorbance for the band at 278 

nm. These changes are ascribed to the formation o f  the 1;1 (G:H) complex between 

CHsCOO' and Tb.61. This is then followed by a second CH 3 COO’ binding, leading to a 

decrease in the absorbance for the band at 278 nm (Figure 2.5.1.1).
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Figure 2.5.1.1: Profile o f  the absorbance changes at 270 nm (blue) and 300 nm (pink), upon gradual 
additions o f  CHjCOO' (0 —► 74.9 ^iM) in CH3 CN, versus the number o f  equivalents o f  acetate added.

From  the changes observed in F igure 2.5.1, binding  constan ts for the form ation o f  a 

1:1 (G :H ) com plex , log =  6.27 ±  0.12, and for the form ation o f  a 2:1 (G 2 :H) com plex , 

log K 2:\ = 5.84 ±  0.09, w ere determ ined  using  the non-linear least squares regression 

program  SPE C FIT . T he excellent fit to the experim ental data, show n in Figure 2 .5 .1 .2 , is 

very  good evidence that the correc t b ind ing  m odel has been used.
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Figure 2.5.1.2: Experimental binding isotherm for the UV-Visible titration o f  Tb.61 (4 (iM) with CH3 C0 0 ' 
in CHjCN and corresponding fit using the SPECFIT program.
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The diagram  o f  the species present in solution for the titration o f  Tb.61 with CH 3 COO" 

is shown in Figure 2.5.1.3. As can be observed, there are two dom inant species present in 

solution upon titration with CH 3 COO", these being the 1:1 (G:H) com plex (green line), 

reaching a m axim um  o f  ca. 45%  formation upon addition o f  1 equivalent o f  CH 3 COO', and 

the 2 : 1  (G 2 :H) com plex (pink line) whose formation tends to ca. 1 0 0 % upon an excess 

addition o f  C H 3 COO'.
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Figure 2 .5 .13: Speciation diagram for the UV-Visible titration o f  Tb.61 (4 |iM) with CHjCOO’. Red line 
refers to the fi'ee receptor Tb.61, the green line to the 1:1 (G:H) complex and the pink line to the 2:1 (G2:H) 
complex.

The changes in fluorescence emission upon titration o f  Tb.61 with C H 3 COO' were also 

recorded after excitation at 280 nm. As shown in Figure 2.5.1.4 the observed changes 

correspond m ainly to an increase in the emission intensity in the shoulder at 330 nm, due to 

the com plex form ation between CH 3 CO O' and Tb.61. As a consequence o f  anion 

coordination, the energy levels o f  the receptor change, inducing enhancem ent o f  the 

fluorescence emission. Insert in Figure 2.5.1.4 depicts the profile o f  the num ber o f  

equivalents o f  C H 3 CO O' added during the titration, versus the emission intensity at 330 

nm.
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Figure 2^ .1 .4 : Fluorescence emission spectra showing the changes in emission intensity o f  T b.61 (4 fiM) 
upon gradual additions o f  CH^COO' (0 —> 74.9 jilVl) in CHjCN. The excitation wavelength used was 280  nm. 
Insert: The profile o f  the em ission intensity at 330 nm versus the number o f  equivalents o f  CH 3COO'.

Contrary to what happened in the absorbance, saturation was not reached in this case. 

This factor allied with the presence o f  the lanthanide emission bands proved to be 

problematic when attempting to determine the binding constants. Therefore, the data taken 

into account for the determination o f  the binding constants included only the first eight 

equivalents. By fitting these changes, binding constants for the formation o f  a 1:1 (G:H) 

complex, log K \  \ =  5.78 ± 0.30, and for the formation o f  a 2:1 (G2 :H) com plex, a log Â 2 ;i 

o f  5.11 ± 0.51, were determined. The experimental binding isotherm and correspondent fit 

are shown in Figure 2.5.1.5. As can be observed, the fit is not as good as the one shown for 

the UV-Visible titration earlier. This is m ainly due to the poor quality o f  the fluorescence 

data. Nevertheless, the binding constants were w ithin acceptable agreement with those 

obtained for the ground state changes (Table 2.5.1). The speciation distribution diagram 

(insert on Figure 2.5.1.5) also followed the same behaviour as seen earlier, flirther 

supporting the formation o f  the 1:1 and 2:1 interaction between CH 3C O O ’ and Tb.61.

56



Chapter 2 - Cyclen based lanthanide luminescent devices fo r  anion sensing

•  data350

310
100  ̂
80

Ec

270
40
20

 G:H
—  G2:H

>>
K 230 cac

190

150
0 1 2 3 4 5 6 7 8

eq CH3COO

F igure 2 .5 .1 3 : Experimental binding isotherm for the fluorescence titration o f  Tb.61 (4 nM ) with CH iCO O' 
in CHjCN and the corresponding fit using the SPECFIT program. Insert: The speciation distribution diagram.

When exciting the sample at 280 nm, the lanthanide luminescence emission for the 

titration o f Tb.61 with CH3COO' was also followed, as can be seen in Figure 2.5.1.6.
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Figure 2.5.1.6: Phosphorescence emission spectra showing the changes in emission intensity o f  Tb.61 (4 
HM) upon gradual additions o f  CH jC O O ’ (0 -  74.9 ^iM) in CH 3CN, when using an excitation wavelength o f  
280 nm.

Here, the emission intensity decreased by ca. 56% upon addition o f CH3COO'. As 

explained before, the urea chromophore has a dual function, both as a receptor and an
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antenna. In the absence o f  a guest there is an efficient energy transfer from the antenna to 

the lanthanide excited state. But, in the presence o f  CHsCOO', energy transfer from the 

anion-bound complex to the lanthanide excited state is less efficient. The binding o f  

CH 3 COO' is m ost likely to lower the energy levels o f  the antenna excited state, hence 

m aking the transfer o f  energy from the antenna T 1 to '^ 0 4  unfavorable.

As observed for the changes in the absorbance, a two step binding process is observed. 

Figure 2.5.1.7, with the initial binding process occurring up to 1.8 equivalents o f  anion 

added, followed by the binding o f  a second CH3COO' to Tb.61. The binding o f  two 

CH3 COO' m olecules to Tb.61 is fiarther supported by the determ ination o f  binding 

constants, as log ATi i = 6.87 for the 1:1 (G:H) and log Â2 :i = 5.12 for the 2:1 (G 2 :H).
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Figure 2.5.1.7: Profile o f  the emission intensity changes at 546 nm, upon gradual additions o f  CHsCOO' (0 
—> 74.9 (iM) in CHjCN, versus the number o f  equivalents o f  acetate added. Insert: Cut o f  the same profile up 
to two equivalents o f  acetate added.

The good fit to the experim ental data. Figure 2.5.1.8, obtained when determ ining the 

binding constants further supports the form ation o f  the two species discussed above.

58



Chapter 2 - Cyclen based lanthanide luminescent devices for anion sensing

160

150 

140 

I 130

I 
® 110 

M 100

0 2 4 6 8 10 12 14 16 18 20

eq CHaCOO'

Figure 2 ^ . 0 ;  Experimental binding isotherm for the lanthanide luminescence titration o f  Tb.61 (4 ^M) 
with CH3COO' in CH3CN and corresponding fit using the SPECFIT program.

In Table 2.5.1 are summarised all the determined values for log ATn:m, during the 

titration o f  Tb.61 with CHaCOO'. These values reveal a good agreement between all the 

spectroscopic titrations, confirming the presence o f  two main species in solution, as G:L 

and G2 ‘.L. Moreover, the results suggest higher stability constants for the formation o f  the 

1:1 complex, in comparison to the 2:1 complex formation.

Anion (G) Technique Species (Gn:Lm)
Std. 

Deviation (±)
G:L 6.27 0.12

Absorbance G 2 .L 5.84 0.09
G:L 5.78 0.30

CHjCOO' Fluorescence G2:L 5.11 0.51
G:L 6.87 0.46

Phosphorescence G2tL 5.12 0.49

Table 24.1 : Binding constants and binding modes between CHsCOO' (G) and sensor Tb.61 (L)

Taking into consideration the discussion above, the proposed binding between Tb.61 

and CHsCOO' is depicted in Scheme 2.5.I.I. We suggest that the strongest binding occurs 

through hydrogen bonding between the acetate and the urea moiety o f  receptor Tb.61 and 

that a second interaction occurs between the acetate and the hydrogen o f  the amide, which
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can possibly also interact with an aromatic CH (depicted in blue on the scheme below). The 

presence o f the latter hydrogen in close proximity to the NH is proposed to enhance 

considerably the anion binding affinity.

9^3 CH,JT H3C Y *
of^9  CH 'N - C H 3

I  ̂ o=<
r h \ ) ^ O H  H H

I I
H H
I I

H ) = 0  H H
H3C - N  ' H , C - N  ■ ■

CH3
CH3 CH3

Schem e 2.5.1.1: Proposed binding mode between the urea receptor Tb.61 and acetate anion.

Although, most hydrogen bonding anion receptors rely on the use o f NH or OH

moieties, there is increasing evidence o f hydrogen bond interactions between aromatic CH

groups and anions. For instance, Jeong et al. have shown aromatic CH hydrogen bonding

to the carboxylate ion,'^^ while Steed et al. found that CH -  anion interactions are both
168important and directional interactions in anion binding systems. Furthermore, Hay et al. 

found that even in the absence o f electron withdrawing substituents, simple arenes form 

hydrogen bonds with anions. Hence, when present in a receptor, even moderately acidic 

CH groups can considerably enhance anion binding affinity. Therefore, they should be 

considered as additional binding sites within the host cavity .'^

2.5.2 Photophysical studies of Tb.61 towards binding with H2P0 4 '

The interaction between Tb.61 and H2 PO4 ' was investigated following the same 

procedure described above. Figure 2.5.2 shows the changes recorded during the course o f 

the UV-Visible titration o f Tb.61 upon gradual additions o f H2 PO4 ". It is clear from the 

changes that the band centred at 280 nm experienced a bathochromic shift to 288 nm, while 

the formation o f a new band centred at 234 nm was also observed. The lack o f well defined 

isosbestic points is an additional indication that more than two species are present in 

solution.
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Figure 2^.2.: Absorption spectra showing the changes in absorbance o f  Tb.61 (4 |iM) upon gradual 
additions o f  H2P0 4 ’ (0 —► 57 J  |xM) in CH3CN.

The profile o f  the absorbance changes at 234 nm and 270 nm versus the number o f  

equivalents o f  added H2PO4', as shown in F igure 2.5.2.1, suggests the occurrence o f  multi 

stepw ise equilibria. As can be seen there is a noticeable flex point occurring up to one  

equivalent o f  anion added, corresponding to the formation o f  the 1:1 com plex (G;H). This 

is then follow ed by a second binding to an equivalent o f  H2PO4' to form a 2:1 com plex  

(G 2 :H), w hile a possible third binding is apparent between the addition o f  two and four 

equivalents o f  the anion, corresponding to the formation o f  3:1 com plex (G 3 :H).
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Figure 2.5.2.1: Profile o f  the absorbance changes at 270 nm and at 330 nm. upon gradual additions o f  H2P0 4 ' 
(0 —► 5 7 3  fiM) in CHjCN, versus the number o f  equivalents o f  H2PO4' added.
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From these, the data was thus fitted to the following binding model; 1:1 (G:L), 1:2 

(G :L 2 ), 2:1 (G 2 :L), 2:2 and 3 : 1 (G 3 :L), where G represents H 2 PO 4 ' and L Tb.61.

From this fitting analysis, the respective binding constants were determ ined, and these are 

summarised in Table 2.5.2. Both the G:L and the Gb:L species were found to possess high 

binding constants o f  log A: > 7 (log K\,x = 7.06 ±  0.24 and log ^^3:1 = 7.95 ± 0.21, 

respectively).

Anion (G) Species (Gn:Lm) log .ATnrni
Std. 

D eviation (±)
G:L > 7 (7.06) 0.24
G:L2 4.87 0.47*

H 2PO4 G2:L 5.66 0.95*
G2IL2 6.79 0.37
G j:L > 7 (7.95) 0.21

Table 2.52: Binding constants for the binding o f  H2 PO4 ’ with Tb.61 determined from the UV-Visible 
titration data, using SPECFIT.* Species present in solution in less than 10% formation.

The good fit to the experimental data, shown in Figure 2.S.2.2, further supports the 

m ultiple binding interactions between H2PO4' and Tb.61 discussed above.
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Figure 2 S 2 2 :  Experimental binding isotherm for the UV-Visible titration o f  Tb.61 (4 ^M) with H2PO4  and 
corresponding fit using the SPECFIT program.
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The speciation distribution diagram, depicted in Figure 2.S.2.3, shows that all the 

species accounted in the binding model were found to be present in solution. Nevertheless, 

the predominant species in solution correspond to the formation o f the 1:1 (G:L) and the 

3:1 (G3 :L) complexes. Initially, up to 1.5 equivalents o f H2PO4', the G:L is the dominant 

species, but upon further addition o f the anion, the G3 :L begins to dominate in solution. 

The 2:2 (G2 :L2) accounts for ca. 10% formation, while the 1:2 (G:L2 ) and the 2:1 (G2 :L) 

species form in less than ca. 5% (Figure 2.S.2.3).
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■G2:L2
•G3:L

eq H2P04'

F ig u re  2 .5 .2 3 ;  Speciation  diagram  for the U V -V is ib le  titration o f  the ligand (L ) T b .6 1  (4 ^ M ) w ith H 2P 0 4 ' 
in CH3CN.

The fluorescence emission was also followed by exciting the sample at 280 nm, and 

was observed to increase dramatically, with the formation o f a new band centred at 422 

nm, as illustrated in Figure 2^.2.4.
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F igu re 2 ^ .2 .4 :  F luorescence spectra sh ow in g  the changes in em issio n  intensity o f  T b .6 1  (4  |iM ) upon  
gradual additions o f  H 2P O 4 (0 —► 57 .3  n M ), by ex citin g  the sam ple at 2 8 0  nm.

The binding constants were determined using the same binding model used above. The 

binding constants and corresponding stoichiom etries are shown in Table 2.5.2.1. These 

results are in agreem ent with those o f  the ground state.

Anion (G) Species (Gn:Lm) log An;m Std. 
Deviation (±)

G:L 6.86 0.21
G:L2 5.15 0.25*

H2PO4 G2:L 5.34 0.94*
G2:L2 6.84 0.53*
Gy.L > 7 (7.95) 0.20

T ab le  2 .5 .2 .1 : B in d in g  constants for the binding o f  H2P0 4 ' w ith  T b .6 1  determ ined from  the flu orescen ce  
ttration data, u sing SP E C F IT .* Sp ecies present in so lution  in less than 10% form ation.

Although the binding constant for the formation o f  G2 :L2 was observed to be quite high 

(log K 22 = 6.84 ± 0.53), this species was found to be present in less than 5%  in solution 

(F igure 2.S.2.5). As seen in F igu re  2.S.2.5, the predom inant species are G:L, and G 3 :L, the 

latter being the dom inant species present in solution after the addition o f  c a .  3.6 equivalents 

0 f H 2 P O 4 ‘ .
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F igure 2 3 .2 ^ :  Speciation diagram for the fluorescence titration o f  Tb.61 (4 ^M) with H2P0 4 '. Insert: The 
experimental binding isotlienn (green dots) and corresponding fit (black line) using the SPECFIT program.

The changes in Tb(III) luminescence upon titration o f  Tb.61 with H2 PO4  were also 

investigated, by exciting at 280 nm, as shown in Figure 2.S.2.6. Upon addition o f H2PO4' 

two different processes were observed. Firstly, the emission intensity was reduced by ca. 

69% (insert in Figure 2.5.2.6), followed by a large enhancement for the Tb(III) emission 

intensity.
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F igure 2.S.2.6: Lanthanide lum inescence spectra show ing the changes in the em ission intensity o f  T b.61 (4 
HM) upon gradual additions o f  H2P0 4 ' (0 —► 57.3 nM ), by exciting the sam ple at 280  nm. Insert: The changes 
up to one equivalent o f  added anion.
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The profile o f the emission intensity changes at 546 nm versus the number o f 

equivalents o f H2PO4 ’ added is shown in Figure 2.52.1. As can be seen, the emission 

intensity o f the Tb(III) was reduced up to one equivalent o f added anion. This was 

immediately followed by a slow increase in the emission intensity up to two equivalents o f 

anion. However, the major changes took place between ca. 2 —> 3.5 equivalents o f H 2P0 4 '. 

The binding process was found to be in good agreement with those discussed above for 

both the UV-Visible and the fluorescence titrations. At this stage, at least a three stepwise 

equilibria can be expected, involving the formation o f the 1:1 (Gi:L), 2:1 (G2 :L), and 3:1 

(G3 ;L) complexes.
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Figure 2.5.2.7: Changes in luminescent emission intensity at 546 nm versus the number o f  equivalents o f  
H2PO4 (0 ^  57.3 ^M) in CHjCN.

In the presence o f H2PO4' two distinct processes were initially taking place. First, the 

binding o f H2PO4’ to the antenna is responsible for the lowering o f the energy o f the 

antenna triplet state, hence making the energy transfer to the lanthanide excited state less 

efficient. The result is the observ'ed ‘switching off  in the lanthanide emission. The second 

process, the ‘switching on' o f the lanthanide luminescence, is proposed to be due to the 

removal o f the quenching effect from a metal bound water molecule, which could possibly 

occur in a stepwise manner as shown in Scheme 2.5.2.
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Schem e 2 ^ 2 :  Schematic representation for the proposed binding mechanism leading to the luminescent 
enhancement or ‘switching on' of the Tb(IlI) emission, due to the removal o f  a metal bound water molecule, 
upon binding with H2P0 4 '. The urea binding moiety was removed for clarity.

The ability o f  anions to bind directly to lanthanide centres by displacem ent o f  bound 

w ater m olecules has been well established in sim ilar complexes possessing two bound 

w ater m olecules, even in more competitive s o l v e n t s . H o w e v e r ,  in structurally 

sim ilar nine coordinate complexes possessing one axial bound water m olecule, there are 

much fewer examples o f  such reports. Aime et al. have however observed the binding o f  F ' 

to such complexes by replacing the inner sphere water m o l e c u l e . B y  fitting the 

lanthanide luminescence changes to the binding m odel discussed above (G:L, G:L 2 , G 2 :L, 

G2 .L2, and G 3 :L) the respective binding constants were determined (T able  2.S.2.2).

Anion (G) Species (G„:Lm) log Â n:m
Std. 

Deviation (±)
G:L > 7 (7.04) 0.14
G:L2 4.59 0.24*

H2PO4 G2:L 4.90 0.82*
Gi'.hz 7.20 0.18*
Gy.L > 7 (8.04) 0 .1 2

Table 2 3 2 .2: Binding constants for the binding o f  H2P0 4 ' with Tb.61 determined from the lanthanide 
luminescence titration data, using SPECFIT.*Species present in solution in less than 10% formation.

The fit to the experimental data is shown in F igu re  2.5.2.S, and further supports the 

m ultiple-step binding interactions between H 2 PO 4 ' and Tb.61 involved in the sensing 

process.
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F igure 2.5.2.S: Experimental binding isotherm for the lanthanide lum inescence titration o f  T b.61 (4 |iM ) 
with H2PO4' in CH3CN and corresponding fit using the SPECFIT program.

The speciation distribution diagram is shown in Figure 2.S.2.9. Once again, the 

predominant species were found to be the G:L and GsiL with high binding constants o f  log 

K  > 1 (log AT|;i = 7.04 ± 0.14 and log Â 3 i = 8.04 ± 0.12, respectively), while G:L2 , G2 :L, 

and G2 .L2 were only shown to be formed in less than ca. 10%.
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F igure 2.S.2.9: Speciation distribution diagram for the lanthanide lum inescence titration o f  T b.61 (4 |xM) 
with H2P0 4 ' in CH 3CN.
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As discussed above, the fitting o f the titration data indicated the occurrence o f five 

possible stepwise equilibria. The formation o f the 1:1 complex (G:L) between H2PO4’ and 

Tb.61 was expected to take place at the urea moiety, as illustrated in Scheme 2.5.2.1. 

However, H2PO4' should also be able to form a 1:2 complex (G:L2), which was indeed 

observed. This binding is ascribed to the formation of four hydrogen bonds between 

H2PO4" and the urea moieties of two Tb.61 molecules to bind one H2PO4', giving rise to a 

self-assembly bridged complex as depicted in Scheme 2.5.2.1. Nevertheless, the latter was 

only observed in less than 1 0 %.

Schem e 2.5.2.1: Proposed 1:1 (G:L) and 1:2 (0:1^) binding modes between H2 PO 4  and receptor Tb.61.

On ftirther addition o f H2P0 4 ' the 2:1 (G2 :L) and 2 : 2  (G2 .L2) complexes are also 

formed. The presence o f a second binding site within Tb.61 was already discussed for 

CH3COO’ (Section 2.5.1). Based on that discussion, the binding between the amide, 

combined with the possible interaction o f a neighbor hydrogen of the aromatic ring can 

also be considered, as depicted in Scheme 2.S.2.2. Furthermore, taking into account the 

increase {ca. 48%) in the emission intensity between 1 —> 2 equivalents o f the anion, the
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interaction o f  H2 P 0 4 ' with the metal bound water molecule is also possible, as described in 

Scheme 2.S.2.2. The binding o f  H2 PO 4 ’ to the hydrogen atom of the bound water molecule 

should reduce the quenching ability o f the water molecule, by reducing the O-H vibrational 

pathway for non-radiative deactivation o f the Tb(III) excited state. Nevertheless, upon 

fiirther addition o f H2 P0 4 ’ (up to ca. 3.5 equivalents) the formation o f the 3:1 (GsiL) 

species was associated with a remarkable increase in the Tb(III) emission intensity, which 

can possibly be attributed to the direct binding o f H2 PO4 ' to the Tb(III) center, by 

replacement o f the bound water molecule (Scheme 2.52.2). Hence, this would suppress 

completely the non-radiative pathway from the O-H oscillators. Although difficult to prove 

without evidence from X-ray crystallography analysis, the proposed structures for G2 :L and 

GaiL are tentatively depicted in Scheme 2.S.2.2.

(G,±)

Scheme 2^.2.2: Proposed 2:1 (G2 :L) and 3:1 (G 3 :L) binding modes between H2 PO4 ' and receptor Tb.61.

In order to better visualise the correlations among the binding constants determined 

from the titrations, all the determined values and corresponding stoichiometries are 

summarized below in Table 2.S.2.3. These results demonstrate the multiple-step binding
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process involved in the interaction between H2P0 4 ’ and Tb.61. Analysis o f  the ground 

state, the emission from the singlet and the Tb(III) excited states clearly dem onstrated the 

formation o f  the dom inant 1:1 and 3:1 complexes with large binding constants (log K) in 

CH 3CN.

Anion (G) M ethod Species (G„:Lm) log
Std. 

D eviation (±)
G:L > 7 (7.07) 0.23
G :L 2 4.87 0.47*

Absorbance Gz:L 5.64 0.95*
G iiL i 6.79 0.37*
GjrL > 7 (7.94) 0 .21

G:L 6 .8 6 0 .21

G :L 2 5.15 0.25*
H 2PO 4 Fluorescence G 2 :L 5.34 0.94*

G 2 :L2 6.84 0.53*
GsiL > 7  (7.95) 0 .2 0

G:L > 7 (7.04) 0.14
G :L 2 4.59 0.24*

Phosphorescence Gi:L 4.90 0.82*
G 2 :L2 7.20 0.18*
G 3 :L > 7 (8.04) 0 .1 2

Table Binding constants and binding modes between H2PO4 and Tb.61. *Species present in solution
in less than 10% formation.

2.5.3 Photophysical studies o f Tb.61 towards binding with

The interaction between host Tb.61 and the H2P2 0 7^' was next investigated following

the sam e procedure already described above. Figure 2.5 J  shows the fam ily o f  absorption
• 2spectra recorded during the course o f  the titration o f  Tb.61 with H2P2O 7 The band 

centred at 280 nm  was observed to decrease, and was accom panied by a bathochrom ic shift 

to ca. 286 nm. As before, no clear isosbestic point was observed, which suggests the 

presence o f  more than two species in equilibrium, since not all spectra pass through the 

same point.
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Figure 2.53: The absorption spectra o f Tb.61 (4 jiM) showing the changes upon gradual additions o f 
(0 56.3 nM) in CH3CN.

The profile o f  the absorbance changes at 280 nm versus the number o f  equivalents o f
2H2 P2 O 7 ' added is shown in Figure 2.5.3.1.
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Figure 2.53.1: Profile o f the absorbance changes at 280 nm versus the number o f equivalents o f H2P2 0 7 '̂ 
added. Here are shown the changes up to two equivalents o f  H2P2 0 7 '̂ added. Insert: The profile for all 
titration, up to ca. 14.1 equivalents o fH 2P2 0 7 '̂.
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Once again, by looking at the titration profile two binding events can be seen. In the 

first section, corresponding to the addition o f  ca. 0 .6  equivalents o f  H2P2O 7 ', a small 

decrease in the band centred at ca. 280 nm takes place, accompanied by a small increase at 

ca. 234 nm (F igu re  2.S.3.2). This can possibly be attributed to the formation o f  a 1:2 

(G :L2) com plex betw een H2P2 0 7 ^' and Tb.61. On further addition o f  H2P2 0 7 ^' (0.6 - 1.2 

equivalents), the absorption spectrum undergoes an additional decrease, as well as being 

shifted by 3 nm  to 283 nm  (F igu re  2.S.3.2). Such changes are m ost likely associated with 

the form ation o f  a 1:1 (G:L) com plex. In contrast, only minimal changes were observed at 

234 nm. How ever, the bigger changes were observed upon addition o f  ca. 2 equivalents o f  

H2P2 0 7 ^‘. This caused a big decrease in the 280 nm band, along with a red shift to ca. 286 

nm  (F igure  2.S.3.2). Once again, the changes at 234 nm were minor. The possible 

form ation o f  a 2:1 (G2:L) com plex can be credited for these changes. How ever, upon 

fiirther addition o f  H2P2 0 7 ‘̂, a plateau between ca. 1.7 and ca. 2.0 equivalents (F igu re  

2.5.3.1) was observed, followed by an increase at both the 280 nm and the 234 nm bands.

This absorption enhancem ent continued, and even after the addition o f  ca. 14 equivalents
2_

o f  H2P2O 7 no saturation has been reached (F igu re  2.5.3.2).
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F igure 2 .5 3 .2 : Absorption spectra recorded upon addition o f  different equivalents o f  H 2P2 0 7 ‘̂ (0  —► 56.3 
HM) to a solution o f  Tb.61 (4 nM ).
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The binding constants, log K  for these changes, were determined by fitting the obtained 

data to a binding model including the 1:1 (G;L), 1:2 (G:L2), 2:1 (G2:L), and 2:2 {Gi'.hz) 

(Table 2.5.3). Values o f log = 1A1  ± 0.19, log K yi = 5.50 ± 0.33, log Ki,\ = 6.02 ± 

0.30, and log K 2 2  ~  5.70 ± 0.94 were determined. The high error associated with binding 

constant for G2 .L2 can be overlooked, as this species, although contributing to the binding 

process, is present in solution in a very small concentration (Figure 2.S.3.3). The 

predominant species in solution correspond to the formation o f the 1:1 (G:L) and the 2:1 

(Gi:L) complexes respectively, as shovm in Figure 2.5.3_3. In fact, after addition o f ca. 1.2 

equivalents o f H2P20 7 ‘̂, the G.L is the dominant species in solution {ca. 60%). However, in 

the presence o f  ca. 2 equivalents o f H2P2 0 7 ‘̂ the G2.L becomes the predominant species in 

solution. The experimental binding isotherm and corresponding fit, obtained for the 

calculation o f the binding constants, are shown as an insert on Figure 2.S.3.3.
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Figure 2.5 3 3 : Speciation diagram for tlie UV-Visible titration o f Tb.61 (L) (4 |iM) with H2 P2 O 7 ' (G) (0 —♦ 
56.3 nM) in CH3CN. Insert: The experimental binding isotherm and corresponding fit using the SPECFIT 
program.

The fluorescence emission was also affected upon titration with H 2 P 2 O 7  when 

exciting at 280 nm. Similarly to what was observed for the titration with H2? 0 4 ‘, the 

emission intensity increased dramatically, with the evolution o f a new band centred at 422 

nm. Figure 2.S.3.4 insert. Analysis o f the emission intensity at 422 nm (Figure 2.S.3.4),
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revealed that such changes occurred up to the addition o f  ca. 2 equivalents, after which 

only m inor changes were observed. The observed emission enhancem ent can therefore be 

attributed to the binding o f  H2P2 0 7 ‘̂. The profile in Figure 2.5 J .4  shows alm ost a linear 

behaviour up to one equivalent H2P2 0 7 ^', from which high binding constants can be 

anticipated.
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Figure 2.5 J .4 .: Binding profile o f  the fluorescence emission intensity changes at 422 nm versus the number 
o f  equivalents o f  added. Insert: The changes in the fluorescence spectra o f  Tb.61 (4 (iM) upon
gradual additions o f  H2P2 0 7 '̂ (0 —► 56.3 |iM ) in CH3CN.

The speciation distribution diagram for this titration showing the presence o f  the 

different species in solution is presented in Figure 2.S.3.5. The profile w as obtained by 

fitting the emission changes following the same binding model used for the ground state. 

The results are in good agreement with those discussed above for the U V -V isible titration. 

Once again the predom inant species in solution correspond to the formation o f  the G:L and 

the G2:L com plexes. The good fit to the binding isotherm  (insert in Figure 2.5 J .5 )  clearly 

supports the m ultiple step binding interactions involved in the sensing process. From  this 

fitting, binding constants for the different interactions between H2P2 0 7 ^‘ and Tb.61 were 

determined, and these are listed in Table 2.5.3. As expected, the binding constant for G:L 

was found to be very high, with a log K\ \ = 7.68 ±  0.13, while the binding constants for 

G:L2, G 2:L, and G2:L2 were determined as log K 12 = 6.19 ± 0.28, log K 2A = 6.48 ± 0.25, 

and log Â 2:2 = 5.83 ± 0.71, respectively.
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F igure  2 ^ 3 5 :  Speciation diagram for the changes in the fluorescence titration o f  Tb.61 (L) with H2P2 0 7 ‘̂ 
(G) in CH 3CN. Insert: The experimental binding isotherm and corresponding fit obtained using the SPECFIT 
program.

The Tb(III) luminescence changes, upon titration o f  Tb.61 with H2P207 ‘̂, were also 

investigated by exciting at 280 nm. The spectra obtained during the course o f  the titration 

are presented as an insert in Figure 2.5.3.6.
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F igure  2.S.3.6: Profile o f  Tb(III) emission intensity at 546 nm versus the number o f  equivalents o f  H2P2 0 7 '̂ 
added. Insert: The family o f  spectra obtained upon titration o f  Tb.61 (4 (iM) with H2P 2 0 7 ‘̂ (0 —<• 563  ^M ) in 
CHjCN.
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The titration profile for the Tb(III) emission changes at 546 nm, shown in Figure

2.5.3.6, revealed that upon addition o f  0.5 equivalents o f H2 P2O 7 ‘ the emission intensity 

was observed to decrease by ca. 28%, but was then observed to increase by ca. 48% up to 

the addition o f  ca. 1.4 equivalents o f  anion. After this addition the intensity was quenched 

once again. This step-like profile, being very similar to the one observed for the ground 

state, was once again a clear indication o f the presence o f several different binding 

interactions occurring upon binding o f  H2P2 0 v̂ ' to Tb.61. In order to determine the binding 

constants, these changes were fitted using the SPECFIT program. The values obtained were 

in good agreement with those determined for the changes in the ground state and singlet 

excited state (Table 2.5.3) discussed above. Once again the 1:1 binding was determined to 

be the strongest, with log K\,\ = 7.40 ± 0.12. Binding constants of; log K \-2 = 5.94 ± 0.26, 

log ^ 2:1 = 5.34 ± 0.15, and log K 22  = 6.19 ± 0.43 were also determined for the 1:2, 2:1 and 

the 2:2 stoichiometries, respectively. The good fit to the binding isotherm further supports 

the used multiple-step binding model (insert in Figure 2.S.3.6). Also keeping in very good 

agreement with the other two techniques, the speciation distribution diagram. Figure

2.5.3.6, showed the presence o f G:L and G2 :L as the predominant species in solution.

G2:L2

O 40
I  I 1 1  r  — I I I 1 r — I I  I r

0 1 2 3 4 5 6 7 8 9  1011121314

1.42 2.84 4.26 5.68 7.1 8.52 9.94 11.36 12.78 14.2

eq H2P207^

F ig u re  2 .5 3 .6 : Speciation distribution d iagram  for the lanthanide lum inescence titration o f  T b .61  (L ) w ith 
H2P20?^ (G ) in C H jC N . Insert: T he experim ental binding isotherm  and correspond ing  fit using the non-linear 
program  SPE C FIT .
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As discussed above, the fitting o f  the binding data indicated the occurrence o f  four 

stepw ise equiUbria. Due to the divalent nature o f H2P2O 7 this anion should be able to 

bind two molecules o f  Tb.61, as tentatively depicted in Schem e 2.5.3. Since the quenching 

in the emission intensity was observed to occur over 0.5 equivalents o f  added anion, it is 

reasonable to believe that these changes are associated with the formation o f  the 1 ;2 (G :L2) 

complex.

S ch em e 2.5 J .:  Proposed 1:2 (G:L2) binding mode between divalent anion H2P2 0 7 '̂ and receptor T b .6 1 .

Nevertheless, upon further addition o f  anion the luminescence emission intensity was 

observed to be ‘switched on' again. Since this occurs w ithin the addition o f  a second 0.5 

equivalents o f  H2P2 0 7 ^', it is reasonable to attribute this change to the form ation o f  the 1:1 

com plex (G;L). The possible binding between at least one o f  the multiple oxygen atoms o f  

H2P2O 7 ’ to the hydrogen’s o f  the bound water molecule, would rem ove to some extent the 

O-H vibrations responsible for the quenching o f the metal luminescence, leading to the 

observed enhancem ent o f  the emission intensity. However, upon further addition o f  

H2P2 0 7 ^' the intensity was quenched once more, which can possibly be associated with the 

form ation o f  the 2:1 (G 2:L) and the 2 :2  (G 2:L2) complexs.

Table 2.5.3 summarises the determined binding constants for the titration o f  H2P2O 7 ' 

w ith Tb.61. As can be observed, the UV-Visible, the fluorescence, and the Tb(III) 

lum inescence all follow the same pattem , which further confirms the proposed multiple-
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binding model. As can clearly be seen from these binding constants, Tb.61 binds strongly
2H2P2O 7 ’. In particular, through the formation o f  the 1:1 com plex (log K  > 7).

Anion Technique Species (G„:Lm) log Kn:m
Std. 

Deviation (±)
G:L > 1 { l A l ) 0.19

Absorbance G:L2
G2:L

5.50
6.02

0.33
0.30

G2:L2 5.70 0.94*
G:L > 7 (7.68) 0.13

H 2 P 2 0 7 ^ Fluorescence G:L2
G2:L

6.19
6.48

0.28
0.25

G2:L2 5.83 0.71*
G:L > 7 (7.40) 0.12

Phosphorescence G:L2
G2:L

5.94
5.34

0.26
0.15

G2:L2 5.89 0.43*

Table 2S3:  Binding constants and binding modes between H2P207 '̂ and Tb.61. *Species present in solution 
in less than 10%.

2.5.4 Photophysical studies o f Tb.61 towards binding with F'

The studies involving F", were carried out following the same procedure discussed 

above. The changes in the absorbance spectra upon titration o f  Tb.61 with F' are shown in 

Figure 2.5.4.

210 230 250 270 290 310 330 350 370 390 410

W avelength [nm]

Figure 2.5.4: Absorption spectra showing the changes in the absorption spectra o f  Tb.61 (4 upon 
gradual additions o f  F' (0 —> 66.6  |iM) in CH3CN.
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The band centred at 280 nm decreased during the titration, while a small increase was 

observed at ca. 234 nm. As stated before, the lack o f a well defined isosbestic point can 

indicate the presence o f  a binding process other than the simple 1:1.'^^ Ahhough, at first 

sight, these changes looked very similar to those studied above, in particular for the 

titration o f H2P 0 4 ’ and H2P2 0 7 ‘̂, this was not the case. By looking closely, different 

changes could be seen during the course o f the titration with F", and Figure 2.5.4.1 clearly 

shows that at least two different processes are taking place. In case a) the changes up to the 

addition o f seven equivalents o f F' are shown. Here, a bathchromic shift (280 nm to 283 

nm) is observed, accompanied by the formation o f two isosbestic points at ca. 249 nm and 

ca. 285 nm respectively. However, in case b), the fijrther addition o f F' (8 —> 17 

equivalents) gives rise to a hypsochromic (or blue shift), resulting in total loss o f the 

isosbestic point at ca. 285 nm, and contributing to some loss in definition o f the isosbestic 

point at ca. 249 nm. This was an indication o f  new species being formed upon addition o f 

large excess o f F'.
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F igure 2.5.4.1: Absorption spectra showing the changes in the absorbance o f  Tb.61 (4 ^M ) upon gradual 
additions o f  a) 0 —► 7 equivalents o f  F ; b) 8 —>17 equivalents o f  F‘, light blue line represent free T b .61.

The observed changes in the absorption spectra are therefore assigned to multiple 

binding interactions between F‘ and Tb.61, as well as possible deprotonation o f  the urea 

and amide moieties to form HF2 .^'’'^^’'^' Taking these complex binding interactions into 

consideration, the binding constants were determined using the SPECFIT program. This 

gave rise to an intricate binding model; 1:1 (G;L), 1:2 (G:L2), 2:1 (G2:L), 2:2 (G2 :L2), 

3:1(G3:L), 4:1(G4:L), and 5:1(G5:L), where G represents F' and L represents Tb.61. The fit 

to the binding isotherm arising from this binding model is shown in Figure 2.S.4.2, and 

demonstrate that the model correlates well with the obtained results.
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Figure 2.S.4.2: Experimental binding isotherm for the absorption titration o f  Tb.61 (4 (iM) with F' in 
CHiCN, and corresponding fit using the SPECFIT program.

The binding constants determined from this fit are Hsted in Table 2.5.4. These binding 

constants were found to be somewhat lower than those obser\'ed for the previous anions 

studied above. Nevertheless, the formation o f the G:L complex, ascribed to the binding 

between F’ and the urea moiety on Tb.61, accounts for the higher value o f log Â i i = 5.97 ± 

0.18.

Technique Species (Gn:L„,) log Kn:„, Std. 
Deviation (±)

G:L 5.97 0.18
G:L2 4.73 0.31*
G2:L 5.16 0.16

Absorbance G2:L2 5.52 0.45*
G,:L 4.49 0.19
G4:L 4.82 0.31
Gs:L 3.51 0.70*

Table 25 .4 : Binding constants for the UV-Visible titration o fF ‘ with Tb.61. *Species present in solution in 
less than 10% formation.

The resulting speciation distribution diagram. Figure 2.S.4.3, shows the presence o f  the 

different species, expressed as a percentage relative to the number o f  equivalents o f  F' 

present in solution. The predominant species in solution correspond to the formation o f
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G:L, GiiL, G3 ;L, and G4 :L complexes. All the other species were found to be formed in 

less than 10%. Analysis, using the SPECFIT program, revealed that for the first five 

equivalents of fluoride added (Figure 2.5.4.1, case a) the binding model includes the 

species G:L, G:L2 , G2 :L, and GsiL. This strongly suggests that the binding

interactions involved in case b) (Figure 2.5.4.1) are related to the formation of the 

remaining species, G4 :L, and GsiL, which are believed to be related with either interaction 

with the metal ion or to deprotonation processes mentioned above.
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F igure 2 .5 .4 3 : Speciation distribution diagram for the absorption titration o f  Tb.61 (L) with F (G ) in 
CHjCN.

The same approach can be taken when analyzing the data obtained for the fluorescence, 

since two distinct processes can clearly be observed upon titration with F" (Figure 2.5.4.4). 

Here, upon addition o f zero to five equivalents of anion, the emission intensity experienced 

an enhancement for both the bands centred at ca. 305 nm and the shoulder at ca. 330 nm. 

Nonetheless, a new band centred at ca. 423 nm was only observed to form and increase 

upon excess addition of anion (5 —► 17 equivalents), which can be compared with case b) 

for the ground state studies, as both spectra change around the same equivalents o f F'.
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F igu re  2.S.4.4: Fluorescence spectra showing the changes in emission intensity o f  Tb.61 (4 |iM ) upon 
gradual additions o f  F ‘ (0 -  66.6 ^iM) in MeCN. Insert: The titration from 0 - 5  equivalents o f  F‘.

The distinct behaviour exhibited by the two bands at ca. 330 and ca. 423 nm, upon 

titration with F', can be clearly observed in Figure 2.5.4.S.
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Figure 2 .5 .4 ^ .: Titration profile o f  the fluorescence emission intensity changes at 334 nm and 423 nm 
respectively, as a function o f  added equivalents o f  F'.
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The first three equivalents o f anion added correspond to the bigger changes at ca. 330 

nm, while there were no changes observed at ca. 423 nm. In comparison to the case a) for 

the ground state investigations, these changes are ascribed to the binding o f the anion to the 

receptor o f Tb.61. Indeed, the band at ca. 423 nm only started to form after the addition o f 

five equivalents o f F", which can be related to both the interaction o f the anion with the 

metal center and deprotonation processes.

Taking into account the previously discussed binding model, several binding constants 

were determined by fitting the data to that model (G;L, G.L2 , G2 :L, G2 .L2 , G 3 :L, G 4 :L, and 

GsiL). The resulting speciation distribution diagram and fit to the experimental binding 

isotherm are shown in Figure 2.5.4.6. In this case, the predominant species in solution, 

upon addition o f six equivalents o f F', is clearly the 5:1 complex, which was not observed 

previously for the ground state investigations. This is a clear indication o f the complexity 

o f the binding process.
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Figure 23 .4 .6: Speciation distribution diagram for the fluorescence titration o f  Tb.61 (L) with F' (G) in 
CHjCN. Insert; The experimental binding isotherm and corresponding fit using the SPECFIT model.

The binding constants determined from this fit are listed in Table 2.5.4. Once again the 

formation o f the G:L species show the highest binding constant o f log ATi i = 6.29 ± 0.11, 

which is in good agreement with that determined for the ground state (log Â i i = 5.97 ± 

0.18). However, two noticeable differences can be seen for the formation o f the 3:1 and 5:1
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species, which show higher binding constants when determined from the singlet excited 

state changes. Also, while the formation o f the GsiL was observed to be very low (< 10%) 

for the ground state, this species showed a much higher percentage formation (~ 90%) for 

the excited state.

Technique Species (G„:Lm) log Kn:m
Std. 

Deviation (±)
G:L 6.29 0.11
G:L2 3.92 0.87*
G2:L 5.58 0.25

Fluorescence G2:L2 5.11 0.53*
Gy.L 5.44 0.09
G4^L 5.07 0.23
Gs:L 5.69 0.15

T able 2 5 .4 :  Binding constants for the U V -V isib ie titration o fF ' with T b .61 . *Species present in solution in 
less than 10% formation.

The lanthanide luminescence was also followed by excitation o f  Tb.61 at 280 nm. 

F igure 2.S.4.7. As for the UV-Visible and the fluorescence discussed above, the 

occurrence o f  different binding processes was also observed during the course o f the 

titration with F‘.
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F igure 2.5.4.7: Tb(III) lum inescence spectra show ing the changes in the em ission intensity o f  Tb.61 (4 ^M) 
upon gradual additions o f  F' (0 —► 66.6 jilVI) in CHjCN.
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To better understand the possible interactions, the spectra corresponding to the changes 

associated with the various processes observed upon binding ot F to Tb.6l are shown in 

Figure 2.S.4.8. First, the Tb(III) emission intensity decreased by ca. 72% upon addition o f 

0 —> 4 equivalents o f F". It is believed that the quenching is due to the binding o f the anion 

at the antenna o f Tb.61. Upon further addition of F', a luminescent enhancement o f ca. 

55% was observed. This was also accompanied by a hypsochromic shift of ca. 2 nm. This 

is ascribed to the possible binding o f F ' to the metal ion, or that the binding has an effect on 

the coordination environment o f Tb(III). This was then followed by a decrease in the 

luminescence. These changes are well illustrated in the profile o f the lanthanide emission 

intensity changes at 546 nm versus the number of equivalents o f F" added, as shown in the 

insert o f Figure 2.5.4.8.

Figure 2.5.4.8: The Tb(III) luminescence spectra showing the changes in emission intensity o f  Tb.61 (4 |iM) 
uf)on gradual additions o f  F  in CHjCN. L represents the free Tb.61. Insert: The profile for the Tb(III) 
emission intensity changes at 546 nm versus the number o f  equivalents o f  F'.

The determination o f the binding constants in such a complex system was not 

straightforward. One reason being the possible deprotonation o f the receptor by F‘ to form 

HF2 ’. In a first approach, the binding constants for the first portion o f the profile ( 0 ^ 7  

equivalents F ) were determined. The fit to the binding model including the species G:L, 

G:L2 , Gy.h, G2 :L2 , and G3 :L is shown in Figure 2.S.4.9.
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Figure 2^.4.9: Experimental binding isotherm for the lanthanide luminescence titration o f  Tb.61 (4 ^M ) 
with F' and corresponding fit using the SPECFIT program.

The values o f  the binding constants determined from this fit were, in a second 

approach, used as fixed values on the final binding model for the complete titration (0 — 

17 equivalents o f F"). The speciation distribution diagram as well as the binding isotherm 

and corresponding fit are shown in Figure 2.5.4.10. All the binding constants are 

summarised in Table 2.5.4.
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Figure 2.5.4.10: Speciation diagram for the lanthanide luminescence titration o f  the ligand (L) Tb.61 (4 fiM) 
with F' (G) in CH 3CN. Inset: The experimental binding isotherm and corresponding fit using the SPECFIT 
program.
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Table 2.5.4 summarises all the binding modes and determined values for corresponding 

binding constants, regarding the different techniques followed during the titration of ligand 

Tb.61 with F". It can be seen that the Tb(III) excited state investigations, give rise to a very 

high binding constant for the formation of the 4:1 (G4 :L) complex (log K4:l = 6.90 ± 0.01), 

contrasting with what was found for both the ground state and singlet excited stae . This 

can be possibly due to either the binding of F' to the metal centre, or that the binding has an 

effect on the coordination environment of Tb(III). While these studies clearly indicate the 

presence of multiple binding interactions for the binding of F‘ to Tb.61, the discrepancies 

found for the various techniques, does not allow us to draw decisive conclusions.

Anion Technique Species (Gn:Lm) log Ân;m Std. 
Deviation (±)

G:L 5.97 0.18
G:L2 4.73 0.31*
G2:L 5.16 0.16

Absorbance G2:L2 5.52 0.45*
GjiL 4.49 0.19
G4:L 4.82 0.31
Gs:L 3.51 0.70*
G:L 6.07" 0.02
G:L2 4 .13'' 0.04*
G2:L 5.36" 0.01

F Phosphorescence G2:L2 4.47 0.16*
G3:L 3.42 0.62*
G4:L 6.90 0.01
Gs:L 2.85 0.77*
G:L 6.29 0.11
G:L2 3.92 0.87*
G2:L 5.58 0.25

Fluorescence G2:L2 5.11 0.53*
Gy.L 5.44 0.09
G4 .L 5.07 0.23
Gs:L 5.69 0.15

Table 23.4: Binding constants and binding modes between F‘ and sensor Tb.61. *Species present in solution 
in less than 10%. * represents the values previously found and so considered as fixed values.
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23.5  Photophysical studies of Tb.61 towards binding with Cl'

The interaction between Tb.61 and Cl' was also investigated following the same 

procedure described above. The changes on the absorption spectra upon gradual additions 

o f Cr are shown in Figure 2.5.5. These changes were much less prominent than those 

observed for the anions discussed so far. Here, the band centred at ca. 280 nm experienced 

a small decrease, as well as a small bathochromic shift to ca. 282 nm. Overall the changes 

were only minor as demonstrated in the insert on Figure 2.5.5 for the changes in the 

absorbance at 264 nm and 310 nm versus the number o f equivalents o f Cl' added. By fitting 

these changes a binding constant o f log ATi:i = 5.49 ± 0.07 was determined for the 1:1 (G:L) 

binding interaction between Cl" and Tb.61.

0.12

0.08 I
0.070.10

= 0.08 ^  Abs264nnn 
X Abs310nm

S 0.05 
o 0.04 
<  0.03 

0.02
0.01 -̂-----------T 1-

£ 0.06

5  0.04

eq c r0.02

0.00
220 240 260 280 300 320 340 360 380 400 420 440 460

Wavelength [nm]

Figure 2.5.5: Absorption spectra showing the changes in absorbance ofT b.61 (4 nM) upon gradual additions 
o fC r  (0 —► 28.1 nM) in CHjCN. Insert: The profile o f  the absorbance changes at 264 nm and 310 nm versus 
the number o f  equivalents o f  Cl'.

As observed for the ground sate, the changes observed on the emission spectrum, upon 

excitation at 280 nm, were also minimal, Figure 2.5.5.1.
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Figure Fluorescence emission spectra showing the changes in emission intensity o f  Tb.61 (4 (iM)
upon gradual additions o f  CT (0 —► 28.1 nM) in CHjCN. Insert: The changes at 330 nm as a function o f  Cl' 
equivalents.

A binding constant of log Âi i = 5.39 ± 0.06 was determined for the 1:1 (G:L) binding 

interaction between Cl' and Tb.61, which is in a good agreement with that obtained for the 

UV-Visible titration.

In contrast, the most significant changes were observed for the lanthanide emission as 

shown in Figure 2.5.5.2. The intensity was observed to decrease by ca. 60% upon addition 

o f c r .

450 500 550 600 650 700 750
W avelength [nm]

Figure 2.S.5.2: Changes in the lanthanide emission o f  Tb.61(4 |iM) upon gradual additions o f  Cl' (0 -  28.1 
|iM) in CH3CN. Insert: The changes at 546 nm as a function o f  Cl' equivalents.
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From these changes, a binding constant o f  log K \  \ =  6.06 ± 0.03 was determ ined for the 

1:1 (G:L) binding interaction between Cl' and Tb.61. The resulting speciation distribution 

diagram  and fit to the binding isotherm are shown in Figure 2.S.5.3.
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Figure 2 3 S 3 :  Speciation diagram for the lanthanide luminescence titration of Tb.61 (L) with Cl' (G) in 
CHjCN. Insert: The experimental binding isotherm and corresponding fit using the SPECFIT program.

Table 2^ .5  summ arises the binding constants determined for the titration o f  Tb.61 

with c r .  These values reveal a very good agreement between the ground state, the 

fluorescence, and the lanthanide luminescence, which further support the 1;1 binding 

interaction between Cl' and Tb.61.

Anion Technique Species (GniLm) log Â n;m
Std. 

Deviation (±)
Absorbance 1:1 5.49 0.07

cr Fluorescence 1:1 5.39 0.06
Phosphorescence 1:1 6.06 0.03

Table 25.5: Binding constants and binding modes between Cl' and sensor Tb.61.

2.6 Selectivity o f Tb.61 towards H 2 PO 4 ' over CH 3 COO"

W ith the aim o f  dem onstrating the selectivity o f  Tb.61 towards H 2 P O 4 ',  the Tb(III) 

emission o f  this sensor was recorded in the presence o f  CH 3CO O', which quenched the 

lanthanide emission. However, upon addition o f  H 2 P O 4 ',  the emission was increased.
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giving rise to a large enhancement o f the Tb(IlI) luminescence , F igure 2.6. These results 

demonstrate the ability of Tb.61 to function as a selective luminescent sensor for H2PO4 '.
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F igure 2.6: Changes in the Tb.61 (4 |iM ) emission spectra showing selectivity towards H2P0 4 * over 
CH,COO .

2.7 Conclusions

In this chapter the synthesis and characterisation o f the novel ligand 61 and 

corresponding Tb(III) and Eu(III) complexes Tb.61 and Eu.61 have been discussed. It has 

been shown through lifetime measurements that each complex possesses one metal bound 

water molecule.

These lanthanide complexes were designed to work as luminescent sensors for the 

detection o f anions by incorporating hydrogen bonding receptor moieties into a covalently 

attached antenna. The urea based antenna was expected to efficiently transfer its excited 

state energy to the excited state o f the lanthanide ion, resulting in Ln(III) emission. 

Although this was indeed observed to be the case for Tb(III), the sensitisation process was 

inefficient for Eu(III).

Photophysical studies were carried out on Tb.61 upon addition o f different anions. 

Analysis o f the ground and the singlet excited state and the Tb(III) excited states have 

shown evidence o f multiple binding interactions for anions such as CH 3COO', H 2P0 4 ’, 

H2P2 0 7 ‘̂, and F'. The bigger spherical C1‘, on the other hand, was observed to form only 

1:1 complexes with the sensor. Binding constants determined for the different binding
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interactions were found to be high, which reflects the strong anion affinity o f  the sensor 

due to the presence o f  multiple binding sites as well as the positively charged Tb(III) metal 

centre. Am ongst these anions, H2PO4’ was the one found to give rise to the m ost dram atic 

enhancem ents in the Tb(III) em ission, which were attributed to the direct interaction with 

the metal centre. Furthermore, H2PO4' was found to be selectively detected over CH3COO'.

In summary, a novel Tb(III) lum inescent sensor, Tb.61, for anions has been developed 

by taking advantage o f  a com bination o f  hydrogen bonding and metal ion coordination 

binding sites for anionic species.

In order to gain further insight into the nature o f  the multiple binding interactions and 

to be able to prove the presence o f  a second binding site within the diaryl antenna, an 

investigation into the spectroscopic properties o f  a series o f  model com pounds was set out. 

Titrations in the presence o f  several anions were therefore undertaken. The obtained results 

will be presented and discussed in the next chapter.
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3.1 Introduction

As observed in Chapter 2, the lanthanide luminescent sensor Tb.61 gave rise to 

multiple binding interactions for anions such as H2PO4', CHaCOO’, H2P207^', and F‘. These 

binding interactions were proposed to take place via hydrogen bonding through both the 

urea and the amide functionalities incorporated in the receptor component of the sensor 

Tb.61, as well as through direct interaction with the Tb(III) metal centre. Due to the 

complexity of this host architecture, it was proven somewhat difficult to fiilly understand 

the binding process. Hence, control experiments to compare the binding ability o f simple 

receptor analogues to that o f Tb.61 would be of great value to corroborate the proposed 

binding interactions. Therefore, the aim of this project was to synthesize and evaluate the 

binding ability of a simple model receptor such as 71 in order to gain better understanding 

o f the binding process, as well as to be able to tlirther substantiate the proposed binding 

process for the interaction o f Tb.61 with the various anions. As can be observed below, 

receptor 71 is analogous to the anion recognition component o f Tb.61. So, the model 

receptor 71 is expected to have similar binding behaviour to that observed for the 

recognition part o f Tb.61, which would allow for comparative analysis to be drawn.

With the purpose of further investigate the role o f the amide moiety on the binding 

process, receptors 72 and 73 were synthesised. By changing the relative position o f the 

acetamide group to that of the urea moiety on the aromatic ring, different binding 

interactions and anion affinities are expected to be observed for these receptors.
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The simplicity of receptors 71 - 73 (allied with simple synthesis) makes them very 

attractive for anion binding studies. Anion receptors combining both urea and amide 

hydrogen bonding groups are usually structurally complex and have in the past been 

difficult to synthesise.'^ Consequendy, 71 - 73 are a new family o f compounds that have 

not previously been studied, which would give a valuable insight on the binding process of 

simple amidourea receptors.

The synthesis and characterisation o f 71, 72, and 73 will be presented in the following 

section. Also presented and discussed will be the three receptors X-ray crystal structures, as 

well as their packing in the solid state. Furthermore, the ability of these receptors to bind a 

variety o f various anions will be investigated.

32  Synthesis of receptors 71, 72 and 73

Receptors 71, 72, and 73, were synthesised in three easy and high yielding steps. The 

first step was achieved by reacting the commercially available nitroaniline derivatives 74, 

75, and 76 with neat acetic anhydride to form the desired acetamide functionalities 77, 78, 

and 79, respectively (Scheme 3.2). The precipitates obtained were filtered and washed 

twice with diethyl ether to yield 77 and 78 as pale beige solids in 83% and 57%, 

respectively, while 79 was obtained as a yellow crystalline solid in 57% yield.
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Schem e 3.2: Synthesis o f  the nitro acetamide precursors 77, 78, and 79

This was followed by the reduction o f the nitro group in 77, 78, and 79 to the 

corresponding aniline derivatives, 80, 81, and 82 respectively, by using hydrazine 

monohydrate (N2 H4 .H2 O) in the presence o f  10% Pd/C catalyst. The reactions were carried 

out in ethanol at 90°C, as shown in Scheme 3.2.1. After solvent removal, 80 and 82 were 

obtained as o ff white solids in 99% yield, while 81 was isolated as a pale pink crystalline 

solid in 52% yield.

o o

77 80

O W \  10%  P d/C  O

y  EtOH

78 9Q0C 81

NH,

N - H  N-

, -NH,

79 82

Schem e 3.2.1: Reduction o f  the nitro compounds to the corresponding amino derivatives 80, 81, and 82
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Finally, the aniline derivatives 80, 81, and 82 were reacted with trifluoro-p-tolyl 

isocyanate, 70, in CHCI3 at room  tem perature. Schem e 3.2.2. The solids were recrystallised 

from a m ixture o f  hot C H C l3 :CH 3 0 H (receptors 71 and 73) or CH 3 CN:H 2 0  (receptor 72) to 

give the pure receptors 71, 72, and 73 as white solids in 90%, 70%, and 8 8 % yields 

respectively.

o

80

OCN
NHj

81 CHCI

O -

N -H

82

Schem e 3 2 .2 : Reaction with isocyanate to form the final receptors 71, 72, and 73

33  Characterization o f  receptors 71, 72, and 73

The three com pounds were fially characterized by the use o f  conventional m ethods, 

such as N M R spectroscopy, ESM S, accurate mass and IR. The 'H NM R spectrum o f  71 in 

i/rt-DMSO showed the presence o f  three singlets at 9.88, 9.05, and 8.71 ppm, corresponding 

to the two urea NH protons and the amide NH proton (Figure 3.3). Another clear 

indication o f  the successful synthesis o f  this receptor was the presence o f  a singlet at 2 . 0 2  

ppm, corresponding to the three C H 3 protons. The '^C NM R showed the presence o f  two 

resonances for the quaternary carbonyl groups, at 167.98 and 152.32 ppm , as well as four 

quaternary arom atic resonances, and six aromatic peaks. The presence o f  the methyl group 

was observed at 23.83 ppm. The presence o f  the CF 3 group was also seen in the ’V
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spectrum, at -60.54 ppm. ESMS analysis showed the presence o f a single peak at 360.09, 

corresponding to the M + Na species o f  71.

O  CD to <o to in ^  CO CO
O ) CO n ; r -i n I h*: rsl

Figure 3 J : The 'HNMR (^/^-DMSO, 400 MHz) spectrum of receptor 71.

The 'h  NMR spectrum o f 72 in t/fi-DMSO showed similar results. Figure 3.3.1, with 

the three NH protons appearing as broad singlets at 9.95, 9.29, and 8.87 ppm respectively. 

A clear indication o f  the successful synthesis was obtained by the presence o f the singlet at 

7.79 ppm, assigned to the aromatic proton (H |) between both the amide and the urea 

substituents. The '^C NMR also gave a good indication that the desired compound had 

been synthesised due to the presence o f  two peaks for the quaternary carbonyl groups, at 

168.36 and 152.16 ppm, respectively. Once again, the 'V  NMR spectrum revealed the 

presence o f the CF3 group at -60.56 ppm. ESMS analysis showed the presence o f  two 

peaks at 338.13 and 360.09, corresponding to the M + H and M + Na species respectively.
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Figure 33 .1 : The 'HNMR (c/^-DMSO, 400 MHz) spectrum o f receptor 72.

The 'H NM R spectrum o f  73 showed interesting features, Figure 3.3.2, as the previous 

well define separations between the broad peaks for the three NH protons (am ide and the 

two urea protons) were no longer observed. Both N-H2A (urea proton) and N-H3 (amide 

proton) resonances appeared close together at 9.68 and 9.66 ppm , with N-Hl  resonancing 

at 8.32 ppm. A possible explanation would be the presence o f  a hydrogen-bonding 

interaction between the oxygen o f  the acetamide moiety and the N-H2A proton, which was 

indeed observed in the crystal structure (Figure 3.4.3 in Section 3.4). The '^C NM R 

showed the presence o f  the two peaks for the quaternary carbonyl groups, at 169.26 and 

152.44 ppm , respectively. The spectrum revealed the presence o f  the C F3 group at - 

60.54 ppm. ESMS analysis showed the presence o f a single peak at 360.09, corresponding 

to the M + Na species o f  73.
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Figure 33.2: The ‘HNMR (i/^-DMSO, 400 MHz) spectrum o f compound 73.

Upon recrystallisation from CHCbiMeOH, cold MeOH, or a mixture o f CH3CN:H20, 

single off-white crystals o f  receptors 7 1 - 7 3  suitable for X-ray diffraction studies were 

obtained. The crystal structure o f  these receptors, as obtained by Dr Thomas McCabe, will 

be analysed in the following section.

3.4 Crystal structure analysis o f receptors 71, 72, and 73

The crystal structures o f  receptors 71, 72 and 73 are shown in Figures 3.4, 3.4.1 and

3.4.2 respectively, with selected bond lengths and angles detailed in Tables 3.4, 3.4.1 and

3.4.2 respectively. These crystal structures clearly show that the relative location o f the 

amide moiety has a profound effect on the structure o f  the bi-aryl receptor. In all three 

receptors, the NH protons o f the urea moiety were found to be in the syn conformation {i.e.

NH protons are facing in the same direction), which makes the receptors suitable for
28directional hydrogen bonding, fri order to obtain optimal hydrogen bonding interactions 

between a urea receptor and an anion, the NH A bonds must be linear.^* The electronic 

structural calculations performed by Hay and coworkers showed that anion complexation 

may cause distortions to the urea geometry, which would optimise the linearity o f the

H,A + H3

O - ^  N ■’ H,A H, | 2  | 1

^  o
C F ,

J
L )

•& o> a p1°
c

i f
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NH A bonds.^* These researchers calculated the optimal O O distance to be 2.27 A for 

oxyanions, in order to achieve linear N-H O angles for the syn conformation o f the urea.

The crystal structure o f receptor 71 (Figure 3.4) showed that the urea moiety is 

significantly shifted out o f the plane o f both the CF3 substituted phenyl ring as well as the 

acetamide substituted phenyl ring, with torsion angles o f -22.07“ and -43.92° respectively.

F igure 3.4: Molecular structure o f  receptor 71, obtained by X-ray crystallography.

Bond Length (A) Bond Angle (”)

0(2)-C(7) 1.225(3) 0(2)-C(7)-N(l) 123.3(2)

0(1)-C(14) 1.227(3) 0(2)-C(7)-N(2) 123.6(2)

N(l)-C(7) 1.360(3) 0(1)-C(14)-N(3) 123.4(2)

N (l)-C(6 ) 1.398(3) 0(1)-C(14)-C(15) 120.9(2)

C(7)-N(2) 1.357(3) C(14)-N (3)-C(ll) 126.61(19)

C(8)-N(2) 1.408(3) N(3)-C(14)-C(15) 115.7(2)

N(3)-C(14) 1.334(3) C(7)-N(l)-C(6) 127.4(2)

N (3)-C (ll) 1.416(3) N(2)-C(7)-N(l) 113.2(2)

C(14)-C(15) 1.496(4) C(7)-N(2)-C(8) 124.9(2)

T able 3.4: Selected bond lengths and bond angles observed in X-ray crystallographic study o f  71

As observed for 71, the crystal structure o f receptor 72 (Figure 3.4.1) showed that the 

urea moiety is significantly shifted out o f the plane o f both the CF3 substituted phenyl ring
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as well as the acetamide substituted phenyl ring, with torsion angles o f -38.57” and 48.92” 

respectively.

Figure 3.4.1: Molecular structure o f  receptor 72, obtained by X-ray crystallography. The solvent molecule 
(CHjOH) has been omitted for clarity.

Bond Length (A) Bond Angle (”)

0(1)-C(6) 1.240(3) 0(1)-C(6)-N(2) 123.6(2)

0(2)-C(13) 1.239(3) 0(1)-C(6)-N(3) 122.9(2)

N(l)-C(13) 1.352(3) 0(2)-C(13)-N (l) 123.7(3)

N(1)-C(15) 1.418(3) 0(2)-C(13)-C(14) 120.9(2)

N(2)-C(6) 1.365(3) N(2)-C(6)-N(3) 113.5(2)

N(2)-C(7) 1.420(3) C(6)-N(2)-C(7) 124.3(2)

N(3)-C(6) 1.371(3) C(6)-N(3)-C(4) 124.7(2)

N(3)-C(4) 1.408(3) C(13)-N(l)-C(15) 128.9(2)

Table 3.4.1: Selected bond lengths and bond angles for 72.

Analysis o f the crystal structure obtained for receptor 73, showed the presence o f  

hydrogen bond interactions between the oxygen atom o f  the acetamide and the hydrogen 

(H2A) o f the urea moiety. Figure 3.4.2. These findings further supported the results 

observed on the 'h  NMR spectrum. Once again, the urea moiety was found to be 

significantly shifted out o f  the plane o f both the substituted phenyl rings, with torsion
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angles o f -42.83° and 61.32“ in relation to the CF3 substituted phenyl ring and the 

acetamide substituted phenyl ring respectively.

Figure 3.4.2: Molecular structure o f receptor 73, obtained by X-ray crystallography.

Bond Length (A) Bond Angle (”)

0(1)-C(7) 1.241(4) 0(1)-C(7)-N(2) 123.0(3)

0(2)-C(15) 1.247(5) 0(1)-C(7)-N(1) 123.2(3)

N(1)-C(8) 1.419(5) 0(2)-C(15)-N(3) 122.9(3)

N(l)-C(7) 1.371(5) 0(2)-C(15)-C(16) 121.9(4)

N(2)-C(4) 1.431(5) N(l)-C(7)-N(2) 113.9(3)

N(2)-C(7) 1.362(5) C(7)-N(l)-C(8) 123.0(3)

N(3)-C(15) 1.347(5) C(4)-N(2)-C(7) 121.6(3)

N(3)-C(5) 1.431(5) C(5)-N(3)-C(15) 127.3(3)

C(4)-C(5) 1.396(5) N(2)-C(4)-C(5) 122.0(3)

Table 3.4.2: Selected bond lengths and angles for 73.

The crystal structure packing o f 71 -  73 are shown in Figures 3 .43 , 3.4,4 and 3.4.5, 

respectively. The space group for 71 and 73 was found to be P2(l)/c, while it was found to 

be PI for 72 (see appendix A l). All three structures gave rise to intermolecular hydrogen 

bonding networks. The view along the crystallographic b and c-axis o f the packing diagram
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o f  71 (Figure 3 .43 ) clearly shows the intermolecular hydrogen bonding network existent 

between the amide and the urea moieties o f  neighbouring molecules.

F igure 3 .4 3 :  The packing diagram o f  71 , when view ed along the A ) crystallographic b-axis and B) 
crystal lograph ic c-axis: O red, N  dark blue, C dark grey, H white, F yellow.

In the case o f receptor 72, the packing diagram showed intermolecular hydrogen 

bonding between the urea protons and the oxygen atom o f a neighbour urea moiety, while 

the amide moiety was found to be involved in intramolecular hydrogen bonding 

interactions with neighbour solvent (CH3OH) molecules, as shown in Figures 3.4.4.

A

Figure 3.4.4: The packing diagram o f  72 , when view ed along the A ) crystallographic a-axis and B ) 
crystallographic b-axis: O red, N  dark blue, C dark grey, H white, F yellow.
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In contrast to the receptors discussed above, receptor 73 gave rise to a more complex 

packing network, as shown in Figures 3.4.5. In this case, the packing was formed of both 

intramolecular and intermolecular hydrogen bonding interactions among the amide and 

urea moieties.

I?
A

F igure 3.4.5: The packing diagram o f  73 showing the com plex intra- and intermolecuiar bonding network 
existent between the amide and urea moieties, when view ed along the A) crystallographic c-axis aiid B) 
crystallographic a-axis: O red, N dark blue, C dark grey, H white, F yellow.

It should be noted, that although these different structural properties for 7 1 - 7 3  are 

observed in the solid state, they may have an influence on the binding affinities of the 

active recognition sites in solution. With this in mind, the binding ability of these receptors 

towards various anions in solution was investigated. The results of these studies will be 

discussed in the following sections.

3.5 Absorption properties of receptors 71-73

The absorption spectra of 71, 72, and 73 are shown in Figure 3.5, when recorded at 

room temperature in CH3CN. Receptors 71 and 73 both exhibited a broad band centred at 

ca. 274 nm (log e = 4 .57) and ca. 260 nm (log e = 4 .46) respectively, assigned to their tt- tt* 

transitions. Receptor 72, however, showed a broad band centred at ca. 257 nm (log e = 

4 .50), assigned to the tt-tt* transitions. In addition, a smaller band at ca. 224 nm (log e = 

4 .31) was observed. The significant 17-14 nm diflference in the X,max of 71 and either 72 or 

7 3  can be attributed to the relative location of the amide to that of the urea moiety, as well
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as possible weak internal charge transfer (ICT) contributions. Upon excitation at the >^ax, 

the receptors gave rise to weak fluorescence emission.
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Figure 3^ : The absorption spectra o f  receptors 71 (purple), 72 (blue) and 73 (orange), when recorded in 
CH,CN.

3.6 Absorption studies upon addition o f anions

In order to evaluate the response o f  these receptors to the presence o f  anions, titrations 

were carried out at room  tem perature in CH3CN, in a sim ilar m anner previously described 

for Tb.61 (Chapter 2). The anion binding ability o f  receptors 71-73, as well as the 

stoichiom etries for the resulting binding interactions was investigated by carrying out 

titrations o f  a stock solution o f  these receptors (4 ^M ) with gradual additions o f  various 

anion solutions, as their tetrabutylam m onium  salts (TBA^). However, a m inim um  amount 

o f  DM SO (< 0.1% ) was used for the preparation o f  the stock solution o f  71 and 73 in order 

to m aximize the solubility o f  these sensors in CH 3 CN, while receptor 72 was found to be 

fiilly soluble in CH 3 CN. The anions studied included acetate (C H 3 C O O ), 

dihydrogenphosphate (H2PO4 ), dihydrogenpyrophosphate (H 2 P2 0 7 ^‘), fluoride (F ), and 

chloride (Cl ).

The spectroscopic studies performed in order to evaluate the anion binding ability o f  

such receptors will be presented in the following sections. For clarity, the results and 

subsequent discussion will be presented separately for each receptor.
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3.6.1 Absorption studies performed on 71

The changes in the absorption spectrum upon titration o f 71 (model compound for 

Tb.61) with the various anions showed a bathochromic shift with formation o f a clear 

isosbestic point. The family o f spectra obtained for the titration o f 71 with H2 PO4 ' are 

presented in Figure 3.6.1, which clearly shows that the absorption is significantly affected 

upon interaction with the anion. Similar results were obtained for the interaction o f 71 with 

the remaining studied anions, which are presented in the Appendix section (Appendix 2).
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F igure 3.6.1.: Changes in the absorption spectra o f  model receptor 71 (4 |iM ) upon gradual additions o f  
H2 PO 4  (0 — 1.63 mM) in MeCN.

Here, the band centred at ca. 274 nm was shifted to ca. 284 nm with the formation o f  a 

clear isosbestic point at ca. 276 nm. The same behaviour was observed for H2 P 2 0 7 ‘̂, while 

both CH 3COO' and F' exhibited the bigger shifts, ca. 286 nm and ca. 287 nm respectively 

(see Appendix 2). These changes constitute a clear evidence o f the binding interaction 

between 71 and the anions through hydrogen bonding. The spectral changes observed for 

C r  were less significant and occurred only at relatively higher concentration o f the anion 

(see Appendix 2). From the changes observed upon titration with the different anions, 

binding constants (log K) for complex formation between the anions (G) and 71 (L) were 

determined by fitting the data using the non-linear least squares regression program 

SPECFIT (Chapter 2). The obtained stoichiometries and corresponding log K  values are
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listed in Table 3.6.1. For anions such as CH3 COO ,, H2 PO4 ', and F' two distinct binding 

modes were clearly observed, which was supported by the good fit obtained from 

SPECFIT. The changes observed for the titration o f  71 with H2 PO4 ' at 284 nm and 

corresponding fit obtained from SPECFIT are shown in Figure 3.6.1.1.
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F igure 3.6.1.1.: Experim ental binding isotherm  for the titration o f  71 (4 |iM ) w ith H 2P 0 4 ’ and co rresponding  
fit from  SPECFIT.

The first binding mode was ascribed to the interaction between the anions and the urea 

moiety o f  71 through hydrogen bonding. Both CH3 COO' and F' gave rise to similar binding 

constants o f  log K\ \ = 5.29 ± 0.03 and log ATi i = 5.25 ± 0.05, respectively. These constants 

were found to be marginally higher than the one determined for H2 PO4 ', log K\ ] = 4.93 ± 

0.05. This higher affinity between simple urea based receptors and F' or CH 3COO" over
'7  I  9 0  I  7 " ^H2 PO4 ' has been well documented for related urea or thiourea motives. ’ ’ Moreover, 

upon fiirther addition o f  anion, a second binding interaction was observed. This interaction 

was ascribed to the binding o f  two anion ions to one molecule o f 71, giving rise to the G2 :L 

complexes, as shown in the speciation distribution diagram depicted in Figure 3.6.1.2, for 

the interaction o f  71 with H2 PO4 '. This diagram shows that the G:L complex is present in a 

very high percentage (ca. 80%), being the predominant species in solution after an initial 

addition o f  20 equivalents o f  H2 P 0 4 '. Furthermore, a second binding interaction between 

two o f these anions and one molecule o f 71 takes place giving rise to the formation o f  a 2:1
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(G 2:L) com plex, which becom es the dom inant species in solution at higher concentrations 

(> 20 equivalents H2PO4 ). Similar results were obtained for CH 3CO O ' and F (see 

Appendix 2).

100

90

80

c
0
1 
io

Li.

0 30 60 90 120 150 180 210 240 270 300 330 360 390 420

eq H2P04'

Figure 3 .6 .12: Speciation diagram for the titration o f  71 (L) with H2P0 4 ' (G) in MeCN. Speciation is shown 
relative to the number o f  equivalents o f  H2PO4'.

The determined binding constants, log K 2-\ ~  3 ^ ,  were found to be w eaker than those 

obtained for the 1:1 interaction (log K\,\ ~  5-6), but nevertheless reasonably strong (Table 

3.6.1). These binding constants, although weaker than those determined for Tb.61 (log Â i i 

~  6-> 7, log K i x ~  5-6) follow the same pattern, as th e l:l  binding interaction was found to 

be stronger than the 2;1 for both Tb.61 and 71. Such higher binding constants exhibited by 

Tb.61, when com paring to those obtained for the simple model receptor 71, are m ost likely 

due to possible electrostatic interactions between the anions and the metal centre. These 

results fiarther substantiate the proposed m ultiple binding interactions between such anions 

and the lanthanide luminescent sensor Tb.61 (Chapter 2). So, in agreement with the 

proposed binding modes for Tb.61, the 2:1 binding interactions for 71 are anticipated to 

take place through the hydrogen o f  the amide moiety (which is para  to the urea m oiety in 

71) as shown in Scheme 3.6.1. The interaction depicted as A in Schem e 3.6.1 shows the 

possible single hydrogen binding interaction between the amide and the anion, which was 

not expected to give rise to such relatively strong 2 :1  (anion:receptor) binding constants. 

However, as discussed in Chapter 2, Hay et al. have shown that aryl protons can participate
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in hydrogen bonding to anions. Therefore, the interaction depicted as B in Scheme 3.6.1 

should also be taken into consideration. The possible interaction o f  the aromatic proton to 

the anion (shown in blue in Schem e 3.6.1) would increase the binding affinity o f  the amide 

m oiety towards anions, which would explain the relatively high binding constants obtained 

for these 2 : 1  interactions.
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H H

(0 )
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S c h e m e  3 .6 .1 : P roposed  b inding interactions betw een  anions (C H 3 C O O ', H 2 PO 4 ', and F‘) and 71 to form  the 
G2.L sp ec ies .

2Conversely, H 2 P2O 7 ' and Cl' were observed to only form 1:1 com plexes with 71. 

Figure 3.6.1.3 clearly shows G:L as the only species present in solution, upon addition o f  

the divalent H2P2 0 7 ^' anion {ca. 5 equivalents). This was fiarther supported by the excellent 

fit to the experim ental binding isotherm, as shown in Figure 3.6.1.3 insert.
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F ig u re  3 .6 .1 3 :  Sp eciation  diagram  for the titration o f  71 (L ) w ith H 2 P 2 0 7 ‘̂ (G ) in M eC N . Sp eciation  is 
sh ow n  relative to the num ber o f  equivalen ts o f H 2 P 2 0 7 '̂. Insert: T he fit to the experim ental b inding isotherm .
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Am ong the titrated anions, Cl' showed the weakest interaction with receptor 71, with 

log Â i:i = 3.45 ± 0.06, while H2P2 0 7^‘ was observed to possess a m uch higher binding 

constant o f  log K\,\ = 5.88 ± 0.09. In fact, among the anions studied, H2P2 0 7 ‘̂ showed the 

higher binding constant for the formation o f  the G:L com plex. Table 3.6.1. The higher 

binding affinity to H2P2 0 y '̂ can be explained by taking into account the possibility o f  

sim ultaneous binding interactions through the oxygen atoms o f  each phosphate to both the 

urea and amide fianctionalities in 71.

Receptor (L) Anion (G) Binding m ode 
(G„:L„) Log Jî n:m

Std. 
D eviation (±)

CH 3COO G:L 5.29 0.03
G 2:L 3.50 0.19

1 1 G:L 5.25 0.05

1 XT"T"'Cl F G 2:L 2.72 0.23
1 3 G:L 4.93 0.05
H

71
H 2 PO 4 G 2:L 3.08 0.43

H2P207^ G:L 5.88 0.09
Cl G:L 3.45 0.06

Table 3.6.1: Binding constants and binding modes between anions and model receptor 71

As m entioned before, by changing the position o f the acetamide m oiety on the aromatic 

ring different spectral properties for the final compound were expected. This structural 

change was also expected to have an influence on the binding affinity o f  the different 

receptors. The following section will focus on the results obtained for receptor 72, upon 

addition o f  the various anions.

3.6.2 Absorption studies perform ed on 72

Upon addition o f  the various anions, the absorption spectm m  o f  72 experienced 

bathochromic shifts for both the bands centred at ca. 224 nm and ca. 257 nm , with the 

concom itant formation o f  two isosbestic points. Similar results were observed for all the 

anions studied, see Appendix 2. The family o f  spectra obtained for the titration with H2P 0 4 ’ 

are presented in Figure 3.6.2.
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Figure 3.6.2: Absorption spectra showing the changes in absorbance o f  receptor 72 (4 (iM) upon gradual 
additions o f  H 2P0 4 ’ (0 ^  0.235 mM) in M eCN.

The band centred at ca. 224 nm was shifted to ca. 227 nm with the formation o f  a clear 

isosbestic point at ca. 236 nm, while the band centred at ca. 257 nm experienced a larger 

shift to ca. 272 nm. This shift was also accompanied with the formation o f an isosbestic

point at ca. 263 nm, as shown in Figure 3.6.2. Once again the same behaviour was
2 -observed for H2P2O 7 ' (see Appendix 2). As previously observed (Section 3.6.1), CH3COO’ 

and F" exhibited larger shifts, ca. 274 nm with an isosbestic point at ca. 266 nm. The 

observed changes strongly indicate the binding between 72 and the anion through hydrogen 

bonds. The spectral changes observed for C1‘ occurred only at higher concentration, and the 

bathochromic shift caused by the interaction with C f was the smallest among the anions 

studied. Nevertheless, this shift (ca. 12 nm) was considerable when compared with the one 

observed for 71 {ca. 6 nm).

By fitting the changes for each titration, the binding constants for these anions and 72 

were determined using SPECFIT. In comparison with 71, receptor 72 displayed a more 

intricate behavior. In fact, best fittings o f  the overall titration data were obtained by 

assuming the existence o f  multiple stepwise equilibria. For H2PO4", F’, and H2P2O7 ’, the 

changes observed were best fitted to 1 : 1, 1 : 2  and 2 : 1  (anion:receptor) stoichiometries, as
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shown in Figure 3.6.2.1 for the titration o f 72 with H2PO4 . Insert in Figure 3.6.2.1 shows 

the good fit to the experimental data at lower concentrations o f H2PO4 '.
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F ig u re  3 .6 .2 .1 .:  E xperim ental b inding isotherm  for the titration o f  72  (4  ^ M ) w ith H 2 PO 4  and corresponding  
fit from  SPE C F IT . Insert: Fraction o f  the binding isotherm  for the sam e titration, sh o w in g  the g o o d  fit at 
low er concentrations o f  H 2 P 0 4 *.

Hence, for such anions, three steps were found to be involved, in which (i) the anion 

(G) interact with two molecules o f 72 to give the self-assembly complex G.L2 (G + 2L ^  

G:L2) (ii) the G:L complex is formed upon fiarther addition o f anion (G:L2 + G —► 2G:L), 

and (iii) the G:L complex interacts with another anion to form G2:L (G:L + G ^  G2:L). 

This is clearly observed in the distribution diagram of the species present at the equilibrium 

in the course o f the titration with H2PO4', determined by SPECFIT from the log K  values 

for a 4 |aM solution o f 72, Figure 3.6.2.2. Analysis o f this diagram clearly shows that upon 

an initial addition o f H2PO4' a self-assembly complex between two molecules o f 72 and 

H2PO4' (G:L2), corresponding to ca. 11% in solution is formed. Nevertheless, on further 

addition o f H2PO4' the G:L complex becomes the predominant species in solution, reaching 

its maximum concentration {ca. 75%) with addition of ca. 4 equivalents o f  H2PO4'. 

Furthermore, the G2:L complex forms on addition o f a bigger excess o f H2PO4', and 

becomes the predominant species in solution upon ca. 2 0  equivalents o f anion.
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Figure 3.6.2.2: Speciation diagram for the absorption titration o f  72 (L) with H2P0 4 ' (G) in MeCN. 
Speciation is shown relative to the number o f  equivalents o f  H2PO4 .

The binding constants for the three stepwise equilibria, as determined through nonlinear

least-squares treatment o f  the titration data, associated errors, and corresponding binding

modes are reported in Table 3.6.2. Both F" and H2PO4' exhibited the largest binding

constants for the 1:1 interaction with log K\,\ = 6.13 ± 0.09 and log Â i i = 6.05 ± 0.07,

respectively. A much weaker binding constant o f log ATi i = 3.54 ± 0.21 was found for the
2 .

1 :1 interaction with H2 P2 O 7  '. This shows that by varying the acetamide moiety from the 

para  position (71) to the meta position, we were able to induce changes on the 1:1 binding 

affinity o f  receptor 72. In addition, the interaction o f  72 with anions such as F', H2PO4", and 

H2 P2 O 7  ‘ lead to the formation o f the G:L2  species, which was not observed for 71. In 

contrast to the 1 : 1  mteraction, H2 P2 O 7  ‘ was found to possess the higher binding constant 

for the formation o f  the self-assembly G:L2  complex, with log K \-2 = 6.06 ± 0.19. F" and 

H2PO4' exhibited, once again, very similar constants for the 1:2 interaction with log K \-2 = 

5.48 ± 0.29 and log K \ 2  = 5.30 ± 0.26, respectively. Binding constants for the 2:1 

interactions (log K 2,\ — 3 - 4 )  were once again found to be weaker (Table 3.6.2). With a 

constant o f log K 2 ,\ = 3.29 ± 0.26, F' exhibited the weakest interaction among them.

Regarding CH 3 COO’ and Cl', two stepwise equilibria were found to better fit the 

titration data, as shown for the titration o f 72 with CHaCOO' in Figure 3.6.2.3. However, 

CH 3 COO' gave rise to the formation o f the G:L and G2 :L complexes in solution. Figure

114



Chapter 3 - Simple urea-amide based receptors for anion recognition

3.6 .23  insert, while interaction with Cl" gave rise to the G:L and the self-assembly G:L2 

species (see Appendix 2).
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F ig u re  3 .6 .2 J .:  Experim ental b inding isotherm  for the titration o f  72  (4 ^M ) with C H 3C O O  and 
corresponding fit from  SPECFIT. Insert: T he speciation  distribution diagram  for the titration o f  72  (L) w ith  
C H 3 C O O ' (G ). Speciation  is sh ow n relative to the num ber o f  equivalents o f  C H 3 C O O '.

The binding constants determined from the fitting o f the CH 3 COO' titration data were 

found to be log Â i i = 5.41 ± 0.02 and log i = 3.06 ± 0.38 for the 1:1 and 2:1 interactions

o f CH 3COO' with 72, respectively. These constants were found to be quite similar to those 

obtained for the interaction o f acetate with 71 (Table 3.6.1). In contrast, the binding 

interaction of 72 with Cl’ was found to be very different to that o f 71, as only a weak 1:1 

interaction (log Â i i = 3.45 ± 0 .06) was observed for 71, while Cl" was found to form 

stronger complexes with 72. Binding constants o f log K\ -\ = 4.86 ± 0.09 and log K\ 2  = 6.42 

± 0 . 2 1  were determined by fitting the titration data for 1 : 1  and 1 : 2  (anion:receptor) 

stoichiometries, respectively. The speciation distribution diagram, shown in Figure 3.6.2.4, 

clearly illustrate that the initial addition o f  Cl" {ca. 5 equivalents) gives rise to the 

interaction with two molecules o f  72, forming the self-assembly G:L2  species in ca. 32% in 

solution. However, the 1:1 complex begins to dominate after the addition o f ca. 12 

equivalents of Cl', becoming eventually the predominant species in solution.
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Figure 3.6.2 .4: Speciation distribution diagram for the titration o f  72 (L) with Cl' (G) in M eCN. Speciation is 
shown relative to the number o f  equivalents o f  Cl'.

These results show that 72 has significantly higher binding affinity for CP. It has 

previously been demonstrated that simple urea receptors do not bind strongly to the big 

spherical anions, but rather through multiple binding i n t e r a c t i o n s . T h e s e  results 

indicate that a simple modification o f the receptor structure can lead to astonishing results 

on the anion binding affinity. While receptor 71 binds very weakly to C1‘, receptor 72 was 

found to bind this anion strongly in a 1:2 (G:L2) fashion, as tentatively depicted in Scheme 

3.6.3.

G:L,

S chem e 3 .6 3 :  Proposed binding interactions between Cl and 72.
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The above discussed binding constants and associated stoichiometries are summarised 

below in Table 3.6.2.

Receptor (L) Anion (G) Binding mode
(Gn^Lni) Log K n : m

Std. 
Deviation (±)

CHjCOO' G:L
G2:L

5.41
3.06

0.02
0.38

G:L 6.13 0.09
F G:L2 5.48 0.29

H H G2:L 3.29 0.26

H2PO4

G:L
G:L2
G2:L

6.05
5.30
4.15

0.07
0.26
0.12

72 G:L 3.54 0.21
H2 P2O 7 ' G:L2 6.06 0.19

G2:L 4.04 0.14

Cl G:L 4.86 0.09
G:Lz 6.42 0.21

Table 3 .6 2 : Binding constants and binding modes between anions and receptor 72, using the SPECFIT 
program.

In summary, the observed 1:2 binding interaction demonstrates the ability o f 72 to 

participate in anion induced self-assembly complex formation, which was clearly absent in 

the binding interactions o f 71. It is also worth noting that, with exception o f  the divalent 

anion H2P2 0 7 ‘̂, the 1:1 binding interaction resulted in higher binding constants for 72 than 

71. This can possibly be due to an increase o f the inductive effect between the electron 

withdrawing amide and urea moieties, which would be stronger for 72 over 71 {meta 

versus para substitution), rendering the urea protons more acidic and hence better 

hydrogen donors. Another interesting feature observed for the binding o f both 71 and 72 is 

the presence o f  reasonable strong binding constants (log Â2:i ~ 3 - 4) for the 2:1 

interactions (G2 :L). This is possibly due to the existence o f a positive allosteric effect upon 

formation o f the anion complex through the binding of the urea hydrogen atoms. So, while 

the amide initially enhances the binding properties o f the urea moiety through inductive 

effect, the subsequent anion binding, with the formation o f the G:L complex, would make 

the amide more electron deficient and hence a better anion acceptor.
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Contrasting to either 71 or 72, receptor 73 offers the possibihty o f cooperative binding 

between the amide and the urea functionalities due to the close proximity of these hydrogen 

bonding donors. This was clearly observed in the X-ray crystal structure presented in 

Figure 3.4.2 (Section 3.4). The following section will focus on the evaluation o f the 

binding affinity o f receptor 73 to the various anions.

3.6.3 Absorption studies performed on 73

Upon addition of various anions to a solution o f 73, the band centred at ca. 260 nm 

experienced a bathochromic shift, with the concomitant formation o f an isosbestic point. 

Similar behaviour was observed for all of the anions studied (see Appendix 2). The family 

o f spectra obtained for the titration o f 73 with CHjCOO’ are presented in Figure 3.63, 

where it can be seen that the band centred at ca. 260 nm experienced a 10 nm bathochromic 

shift to ca. 270 nm, with the concomitant formation of a clear isosbestic point at ca. 263 

nm. Similar changes were also observed for F', H2PO4 , and H2P207 ‘̂ (see Appendix 2). 

Smaller spectral changes were once again observed for Cl', where the band centred at ca. 

260 nm experienced a small red shift to ca. 264 nm, with the appearance o f an isosbestic 

point at ca. 262 nm (see Appendix 2). It is also worth noting that these changes were only 

observed at high concentrations o f Cl', suggesting a weaker binding interaction between Cl" 

and 73.
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Figure 3 .6 3 .:  Absorption spectra showing the changes in absorbance o f  receptor 73 (4 nM) upon gradual 
additions o f  CHjCOO’ (0 —► 32 (iM) in MeCN.
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The changes in absorbance both at 260 nm and 270 nm, for the titration o f 73 with 

CHsCOO', were plotted as a function o f  the number o f equivalents o f CH 3 COO ., Figure 

3.6.3.1. The titration profile clearly shows the decrease in absorbance at ca. 260 nm and 

simultaneous increase at the new band centred at ca. 270 nm.
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Figure 3.6.3.1.: Changes in the absorbance o f  receptor 73 (4 |iM) at 260 nm and 270 nm with respect to the 
number o f equivalents o f  CH3COO'.

In order to evaluate the strength o f the binding interactions between the anions and 73, 

the observed changes were fitted using the SPECFIT program. An excellent fit to the 

experimental binding isotherm was observed for the 1 : 1  interaction taking place between 

the various anions and receptor 73 (see Appendix), which is a good indication o f  the simple 

1:1 binding interaction between the receptor (73) and the anions. Figure 3.6.3.2 shows the 

fit to the titration with CH3COO'. From this, the binding constants and corresponding 

binding modes were determined, which are summarised in Table 3.6.3.
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F igure 3 .6 J .2 .:  Experimental binding isotherm for the titration o f  73 (4 |iM ) with CH3COO' and 
corresponding fit from SPECFIT.

The speciation distribution diagrams were also obtained (see Appendix 2). Figure 

3.6.3 J  shows such a diagram for the titration o f  73 with CH3 COO', which demonstrates 

that the G:L complex was the only species formed in solution upon addition o f  CH3 COO' 

(0 ^ 8  equivalents).
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F igure 3 .6 3 .3 ;  Speciation diagram for the titration o f  73 (L) with CHjCOO' (G ) in M eCN. Speciation is 

shown relative to the number o f  equivalents o f  CHjCOO'.
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In contrast to receptors 71 and 72, only the 1:1 binding mode was observed for the 

interaction of 73 with the anions studied, suggesting that the amide was not free to 

participate in a second anion binding interaction as observed for both 71 and 72.

As predicted, Cl' was found to interact weakly with 73, with a binding constant o f log 

Â i:i = 3.60 ± 0.05. The stronger interaction was observed for H2P2 0 7 ‘̂ with a binding 

constant o f  log K\,\ =  6.46 ± 0.06. For H2PO4 ’, F", and CH3COO" the binding constants for 

the 1:1 interaction with 73, where determined as being log K\-\ = 5.72 ± 0.05, log Â i i = 

5.63 ± 0.05, and log K\ \ = 5.45 ± 0.02, respectively. Taking this into account, the binding 

affinity o f 73 to anions is proposed to be; H2P2 0 7 '̂ > H2PO4" > F" > CH3COO' > Cl .

Receptor (L) Anion (G) Binding mode 
(GnjLm)

Log Std. 
Deviation (±)

O N H H

6 'T 'a ,,
73

CH 3COO G:L 5.45 0 . 0 2

F G:L 5.63 0.05
H2 PO4 G:L 5.72 0.05

H 2P2O 7" G:L 6.46 0.06
Cl G:L 3.60 0.05

T ab le 3.6.3: Binding constants and binding modes between various anions and model receptor 73

By comparing these binding constants with those obtained for 71 (Table 3.6.1), the log 

Â i i values associated with 73 were found to be higher. The presence o f the amide 

hydrogen in closer proximity to the urea hydrogen atoms can be held responsible for such 

higher binding affinity. As depicted in Scheme 3 .6 J , the binding between the three 

hydrogen atoms and the anions is viable. Therefore, this cooperation between the urea and 

amide moieties can lead to the formation o f stronger bound complexes.

anion

O

G:L

S ch em e 3 .6 3 :  Proposed binding interactions between anions (H2P2 0 7 ‘̂, H2PO4 , CH3CO O', F', and Cl ) and 
73 to form the G:L com plexes.
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3.7  C on clu sion s

In conclusion, three novel anion receptors 71, 72, and 73 possessing both amide and 

urea binding sites have been successfully synthesized and characterized. Crystals suitable 

for X-ray crystal structure analysis were obtained for all three receptors. These showed that 

the relative location o f  the amide and urea flinctional groups plays a major role in the 

ability o f  such receptors to form large solid state networks through the formation o f  either 

intra (73) or intermolecular hydrogen bonding interactions. Their anion recognition ability, 

through the incorporation o f  both urea and amide hydrogen bonding groups, was tested by 

spectroscopic methods. The sim ple and high yielding synthetic route renders these 

com pounds greater advantage over more synthetically challenging receptors containing 

sim ilar binding m oieties.

All the three receptors revealed different binding interactions with the various anions, 

such as CHsCOO’, H2 PO 4 , H2 P2 0 7 '̂, F and Cl'. This shows that by changing the position  

o f  the amide m oiety on the aromatic ring, and hence by introducing small changes on the 

structure o f  the receptor, different binding interactions and binding affinities can be 

induced.

Receptor 71 showed to interact with F', C H 3C O O ', and H2PO4' trough the urea as well 

as the amide m oieties, forming the 1:1 and 2:1 com plexes, respectively. The binding 

interaction through the amide m oiety, although reasonably high (log K 2A ~  3-4), was found 

to be significantly weaker than the binding interaction taking place through the urea m oiety

(log ATi:i ~  5). In addition, only one binding m ode was observed for the interaction o f
2 _ ,

H2 P2 O 7 ' and C r with 71, corresponding to the formation o f  the 1:1 com plexes. These 

results fiirther support those obtained for the lanthanide lum inescent sensor T b.61, 

discussed in Chapter 2, where the binding interactions were proposed to take place both 

through the urea and amide m oieties. In a similar manner to that observed for 71, higher 

binding constants were also determined for the 1:1 binding interaction. The binding affinity 

for the interaction o f  71 with the various anions was observed to fo llow  the trend; H2 P2 0 7 '̂

> CH3C00 > H2P04> cr.
O nly one binding interaction was observed between 73 and the anions studied. The 

binding constants were found to be higher than those observed for 71. The anion binding 

affinity was also observed to change considerably. This was ascribed to the possible mutual
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hydrogen bonding cooperation between the urea and amide moieties upon anion 

recognition. The binding affinity o f  73 to the various anions was observed to be; H2 P 2O 7 ‘

>  H 2P 04' >  F' >  C H 3 C 0 0 "  >  c r .

Am ong the three compounds, receptor 72 exhibited the most intricate binding process. 

M uhiple binding interactions were observed with the various anions. The formation o f  1:1, 

1:2, and 2:1 com plexes were observed between H2 P2 O 7 ', F', H 2PO 4 , and this receptor. 

Sim ilar affinities were shown for F ' and H 2PO 4 ", with high 1:1 binding constants. On the 

other hand, H2P2 0 7 ‘̂ showed to interact strongly with two m olecules o f  72, giving rise to 

the self-assem bly 1:2 complex. Nevertheless, the most interesting results were obtained for 

the interaction with Cl', which gave rise to a very strong binding constant for the 

interaction with two m olecules o f  72 to form the self-assembly G.L-z complex. So, 72 show 

higher affinity to C l' over 71 and 73.

In summary, the three new structurally simple anion receptors, 71-73, only differ in the 

relative position o f  the amide moiety to that o f  the urea site. This simple m odification was 

shown to play a m ajor role in the binding interactions o f  the various anions to these 

receptors. Receptor 73 was found to strongly bind anions such as CH 3CO O', H 2 PO 4 , 

H2 P2 0 7 ^‘, F‘ and Cl" only in a 1:1 fashion. In comparison, both 71 and 72 gave rise to 

stepwise binding interactions. In both cases, the formation o f  2:1 (anion:receptor) strong 

anion bound com plexes was proposed to take place through the amide moiety. The high 

values determined for the binding constants o f  such simple receptors, were ascribed to the 

existence o f  both inductive and positive allosteric effects. So, while the amide initially 

enhances the binding properties o f  the urea moiety, the subsequent anion binding, with the 

formation o f  the anion: receptor com plex, makes the amide a better anion acceptor.
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4.1 Introduction

The development o f  new heteroditopic receptors able to coordinate both anionic and 

cationic species is a growing area o f  i n t e r e s t . I n  general, heteroditopic receptors have 

been designed by combining functionalities such as cation binding crown ethers and 

modified calixarenes, with anion binding Lewis-acidic metal centres such as pyrroles, 

amido, and urea groups.'^’'*̂  ̂ Such receptors may exhibit interesting cooperative and 

allosteric binding behaviours. Hence, the binding affinity o f  one ion (cation/anion) can be 

facilitated by the coordination o f the other ion (cation/anion) due to electrostatic 

interactions and conformational effects.

While several such receptors incorporating moieties for alkali metal recognition have 

been reported, there are still few examples o f  such systems including transition metal 

recognition u n i t s . P y r i d y l  fi'agments, such as bipyridine (hipy), terpyridine {terpy), and 

phenanthroline (phen), are known to bind strongly transition metal c a t i o n s . O n e  o f  the 

first examples employing the phen  moiety was provided by Hamilton and collaborators, 

who reported compound 83.'*' In the presence o f Cu(I) ions, two 83 molecules were 

observed to self-assemble giving rise to the formation o f the complex Cu(I):832, which 

was found to strongly bind dicarboxylic acids in CHCI3 through the acylaminopyridine 

moieties.

■ = N

83

By combining a terpyridine moiety with an urea unit, within the same molecule, Branda 

et al. achieved a similar result with receptor 84.'*^ Upon formation o f  a Fe(II) complex 

between two terpy fragments o f  84, the arrangement o f  the two urea units enables the 

complex to bind a porphyrinic bis-carboxylate dianion. In DMSO, the fluorescence 

emission intensity o f the porphyrin was quenched upon titration with the Fe(II):842
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complex. Similar photophysical behaviour was observed in a more com petitive solvent 

mixture, 10% H20/M eCN.

More recently. Steed and co-workers showed that the Ag(I):852 complex forms a stable 

adduct with N03* through hydrogen bonding to both o f  the self-assembled urea fragments. 

The studies were carried out both in solid state and acetone solution by NM R

titrations.'*^’’*̂

— N N = -

A  / = \
V
H H ------

86

During the course o f  this research, Fabbrizzi et al. reported receptor 86.''*^ In 

com parison to receptor 8 3 , receptor 86 forms a stable 1:2 complex with Cu(I) ions in 

solution, C u(I):862. This complex was indeed found to act as an anion receptor in an 

aprotic solvent mixture, THFiM eCN (4:1 v/v). In the presence o f  anions such as C l' and 

H2PO4', the complex adopts a geometrical arrangement in which the two urea units interact 

with a single anion, giving rise to the 1:1 adduct, (Cu(I):862):anion. In contrast, upon 

addition ofC H 3C O O ‘, the com plex rearranges to interact with two acetate anions.

These studies were used to highlight the fact that metals, in the present case transition 

metals, can be used to suitably assem ble hydrogen bond donor units, such as urea m oieties.
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in order to create suitable binding sites for anion recognition.^’ In addition, these studies 

constitute an important step towards the design o f heteroditopic receptors for transition 

metal salts. As mentioned in Chapter 1, research in the field o f  ion-pair recognition is 

relevant to the detection and extraction o f  toxic ions from aqueous environments, as well as 

to the design o f artificial carriers and channels for the transport o f inorganic and organic 

salts across membranes.'^"*

With this in mind we set out to develop a novel heteroditopic receptor. The following 

sections detail the synthesis, characterisation, and photophysical studies o f such a receptor.

4.2 Design and synthesis of heteroditopic receptor 87

The heteroditopic receptor 87 was designed for the recognition o f both anions and 

transition metal ions. The design principle o f 87 relied upon the use o f a phenanthroline 

iphen) moiety, as the metal binding site, and the incorporation o f  a urea moiety for anion 

recognition. Hence, receptor 87 was expected to bind transition metal ions through the 

nitrogen atoms o f the phen  moiety, while the interaction with anions would take place via 

hydrogen bonding between the N H ’s o f  the urea and the anions, as depicted in Scheme 4.2.

o

I  I
H, H

C F ,

87

Schem e 4.2: Proposed binding sites for transition metal ions (M ) and anions, within receptor 87.

4.2.1 Synthesis and characterisation of 87

The synthesis o f receptor 87 was carried out as outlined in Scheme 4.2.1. The first step 

involved the reduction o f  the available 5-nitro-l,10-phenanthroline, 88, using hydrazine 

monohydrate (N2H4.H2O), in the presence o f 10% Pd/C catalyst in ethanol at 95°C, under 

an inert atmosphere. A yellow solid was obtained after removal o f  the solvent under
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reduced pressure. This soHd was washed twice with diethyl ether to produce a pale yellow 

solid in 92% yield. Finally, this amino derivative, 89, was reacted with trifluoro-p-tolyl 

isocyanate, 70, in chloroform at room temperature, under an inert atmosphere to yield an 

off white precipitate, which was filtered and washed with cold CHCI3 . This solid was 

finally recrystalised from a hot mixture o f CHCbiMeOH to yield the desired receptor as a 

white crystalline solid in 8 8 % yield.

NHjNO2

Pd/C

EtOH

88

OCN

C H C I3

H H

87

Schem e 4.2.1: Synthesis o f  the phenanthroline based heteroditopic receptor 87.

The compounds were characterized by the conventional methods, such as 'H, and '^C 

NMR spectroscopy, ESMS, and IR. The 'H-NMR (c/rt-DMSO) spectrum o f 87, Figure 

4.2.1, showed the presence o f the two N-H singlets at 9.55 and 9.12 ppm, as well as the 

expected set o f doublets for the phenyl aromatic protons. The '^C NMR (t/^-DMSO) 

showed all the expected 18 signals. These consisted o f one quaternary resonance at 152.87 

ppm for the carbon of the urea carbonyl group. The seven CH resonances at 149.87, 

148.74, 135.61, 132.08, 123.68, 122.95, and 116.07 ppm were assigned to ih^phen  moiety, 

while the signals at 126.25 and 118.00 ppm were assigned to the CH resonances o f the 

aromatic phenyl group. The remainder signals correspond to the quaternary resonances o f 

the phen as well as the aromatic phenyl moiety. The presence o f the CF 3 group was 

revealed by analysis o f the '^F NMR spectrum, showing the typical resonance at -60.58
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ppm, for this group. Electrospray mass spectrometry (ES-MS) showed one peak at m/z = 

383.11 corresponding to [M + H], confirming the presence o f  the desired compound.

0 ) a > 0 ) 0 > Q d  c d o d  o o c q o o c o

S\l SI M  S M  I

Figure 4.2.1: 'H NMR of the heteroditopic receptor 87 (400 MHz, df, -  DMSO)

Single crystals suitable for X-ray crystallographic diffraction studies were isolated from 

a solution mixture o f  CHCI3 and ethanol. The crystal structure as resolved by Dr. Thomas 

McCabe is presented in Figure 4.2.2, and shows that the urea moiety is coplanar with the 

phenyl group (torsion angle o f -0.26”), while being significantly shifted out o f  the plane o f 

the phen  moiety (torsion angle o f  -34.37°). Another feature is that the NH protons o f  the 

urea were found to be in the syn conformation {i.e. NH protons are facing in the same 

direction). Electronic structural calculations carried out by Hay and co-workers on urea 

complexes o f  Cl , NO 3 , and CIO4 showed that the syn conformation provides a more 

stable hydrogen bonding interaction with these anions than the anti conformation {i.e. NH 

protons are pointing in opposite directions).^*
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Figure 4.2.2; Molecular structure o f  receptor 87, obtained by X-ray crystallography.

Table 4.2.1 details some selected bond angles and bond lengths obtained from the X- 

ray diffraction data. Bond angles o f 125.4(2)” and 122.7(2)“ were found for N 1 -C 8 -0  and 

N 2 -C 8 -0  respectively, while a bond angle o f 111.9(2)° was measured for N 1-C 8-N 2. 

These bond angles indicate an approximate trigonal planar geometry o f receptor 87 at the 

carbon atom (C8) between the urea atoms. As is clear from looking at the crystal structure,

the two urea NH protons are ideally situated for directional hydrogen bonding interactions
28with anions that can participate in more linear processes, such as CH3COO'.

Bond Length (A) Bond Angle (“)

C(5)-C(6) 1.387(4) C(5)-C(6)-N(l) 116.2(2)

C(6)-C(7) 1.386(4) C(7)-C(6)-N(l) 124.4(2)

N (l)-C (6) 1.405(3) C(8)-N(l)-C(6) 127.7(2)

N (l)-C (8) 1.359(3) 0(2)-C(8)-N(l) 125.4(2)

0(2)-C(8) 1.216(3) 0(2)-C(8)-N(2) 122.7(2)

N(2)-C(8) 1.383(3) N(l)-C(8)-N(2) 111.9(2)

N(2)-C(9) 1.405(3) C(8)-N(2)-C(9) 125.1(2)

C(9)-C(10) 1.355(4) C(10)-C(9)-N(2) 122.4(2)

C(9)-C(17) 1.451(4) N(2)-C(9)-C(17) 117.5(2)
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N(5)-C(14) 1.322(4) C(14)-N(5)-C(15) 117.4(2)

N(5)-C(15) 1.357(3) N(5)-C(15)-C(16) 118.0(2)

C(15)-C(16) 1.447(4) N(6)-C(16)-C(15) 117.3(2)

N(6)-C(16) 1.359(3) C(20)-N(6)-C(16) 117.7(2)

N(6)-C(20) 1.319(4) N(6)-C(20)-C(19) 123.7(3)

Table 42.1: Selected bond lengths and angles for 87.

The crystal structure packing o f  87 was also examined and the view along the 

crystaiiographic a-axis is shown in Figure 4.2.3. A P2(l)/c space group was found for this 

system. The obtained networic showed a complex packing, with the formation o f  zig-zag 

chains (Figure 4.2J). This kind o f  network has been previously observed, within the 

Gunnlaugsson group, for simple diaryl ureas.

Figure 4.2J: Packing diagram as viewed along the crystaiiographic a-axis o f the structure o f 87: O red, N 
dark blue, C dark grey, H white, F yellow.

The structural properties observed in the solid state may affect the binding affinities o f  

the active recognition sites in solution. This will be evaluated in the following sections o f  

this chapter, where the binding ability o f  87 towards various anions as well as transition 

metal ions in solution will be addressed.
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4_3 Photophysical properties of receptor 87

The photophysical properties o f 87 were investigated in CH 3CN (a minimum amount o f 

DMSO (< 0.1%) had to be used in order to ensure total solubility o f 87 in CH 3CN). The 

absorption spectrum of the free receptor 87 exhibited two bands; a band centred at 266 nm 

(log e = 4.50), assigned to the tt-tt* transition of the phen moiety (in accordance with the 

reported absorption peak at 265 nm for the 1,10-phenanthroline unit'^), and a low 

absorbing broad shoulder centred at around 320 nm (log e = 3.85) due to the n-7r* 

transitions. The fluorescence emission spectrum of 87 was also recorded in CH 3CN, when 

exciting the sample at both 265 and 320 nm. In both occasions, a broad emission band 

centred at 422 nm was observed, as shown in Figure 4.3 for the excitation at 265 nm, 

which was once again assigned to the phen  chromophore.

0.16

0.14

js. 0.12

Qj 0.08

S 0.06
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0.02

240 280 320 360 400 440 480 520 560 600
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Figure 4 3 : Absorption (blue) and Fluorescence (red) spectra o f  87 in CH3CN. The fluorescence emission 
intensity was divided by a factor o f  1000, in order to compare both spectra on the same graph.

The photophysical studies performed on 87 to determine its binding affinity toward 

several anions, such as CH3COO', H2PO4", F ‘, and C1‘, will be discussed in the following 

section.

4.4 Photophysical studies of 87 with anions

As previously mentioned, it is widely recognised that ureas are particularly good 

hydrogen bond donors and hence excellent receptors for anions.^'’̂ ’̂'”*̂  Accordingly, 87

131



Chapter 4 - Sensing based on a fluorescent heteroditopic receptor

was expected to be able to bind anions, with the binding process most likely taking place 

via hydrogen bonding between the hydrogen protons o f  the urea moiety in 87 and the 

negatively charged species, as shown in Scheme 4.4.

o

N
I

N

anion

Scheme 4.4: Proposed binding mode between the urea based receptor 87 and anions.

The anion binding affinity o f  receptor 87 (4.8 ^M) was studied in CH 3 CN, by using 

spectrophotometric methods such as UV-Visible and fluorescence. In the preparation o f  the 

stock solution o f 87 a minimum amount o f  DMSO (< 0.1%) had to be used in order to 

maximize the solubility o f the sensor in CH 3 CN. The anion guest solutions were also 

prepared in CH 3 CN, as their tetrabutylammonium salts (TBA^).

The changes in the absorption spectra during the titrations o f  87 with the various anions 

showed an increase in the absorbance at both the 266 nm and the 320 nm bands upon 

increasing concentrations o f the anions, such as acetate (CH 3 COO ), dihydrogenphosphate 

(H2 PO4  ), fluoride (F ), and chloride (Cl ). Such response was an indication o f  the changes 

occurring in the ground state o f the sensor upon hydrogen bonding to these anions. For 

CH 3 COO', H2 PO4 ', C r no shifts or isosbestic points were observed, as shown in Figure 4.4 

for the titration o f 87 with CH 3 COO'. In contrast to these results, only minor changes were 

observed for B f  and C 1 0 4 ', which occurred only at high anion concentrations.
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Figure 4.4: Absorption spectra showing the changes in absorbance o f  87 (4.8 |iM ) upon gradual additions o f  
CH jCOO' (0 1.53 mM) in CHjCN.

In the case o f F", a bathochromic shift (red shift) was observed for both bands over the 

course o f the titration, with the band at 266 nm being shifted to 270 nm and the band at 320 

nm shifted to 325 nm. Afthough a shift was observed, the system lacks the formation o f  a 

clear isosbestic point as shown in Figure 4.4.1, indicating the possibility o f an equilibrium 

more complex than the 1:1 host-guest relationship. These changes were assigned to the 

initial formation o f a 1:1 hydrogen bonding complex between the urea recognition moiety 

o f 87 and F', F‘:87, followed by binding and subsequent deprotonation o f the urea unit 

induced by a second fluoride ion.^^ Hence, after a first equilibrium step in which F' binds 

the urea moiety o f 87 to give the F :87 complex, a second equilibrium step involving the 

interaction of this complex with another fluoride ion emerges, giving rise to the bifluoride 

species (HF2’). This deprotonation process has been observed and well documented 

throughout the literature.''’̂ ’'^^-'^'’'*^-'^
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Figure 4.4.1: Changes in the absoqjtion spectra o f  87 (4.8 ^M) upon gradual additions o f  F' (0 —> 1.09 mM) 
in CH,CN.

The fluorescence emission o f 87 was also monitored upon addition o f  the various 

anions, following excitation at both the 265 nm and the 320 nm transitions. Similar results 

were obtained on both occasions. Upon addition o f CH3 COO’, H2 PO4 ", and F' the 

fluorescence emission intensity was considerably quenched, or ‘‘switched o f f '  (by ca. 98%, 

94%, and 93% for these anions, respectively), as shown in Figure 4.4.2 for the changes 

obtained for CHbCOO'. These changes are once again assigned to the formation o f  a 

complex between the urea receptor and the anion, through hydrogen bonding.

eq CH3COO

Wavelength [nm]

Figure 4.4.2: Changes in the fluorescence emission intensity o f  87 (4.8 îM) upon gradual additions o f  
CHjCOO' (0 —>• 1.53 mM), in CH3 CN upon excitation at 265 nm. Insert: The changes in the fluorescence 
emission intensity at 422 nm as a fianction o f  equivalents o f  CH3 COO’.
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The titration profile for the number o f equivalents o f CH3COO’ vs. the emission 

intensity at 422 nm is shown as an insert in Figure 4.4.2. It clearly shows that around 

twenty five equivalents o f acetate were needed to “fully” quench the emission intensity. 

The above clearly demonstrates the ability o f 87 to function as a luminescent "on-off 

switch for these anions. It is also worth pointing out that no other spectral changes were 

observed in the fluorescence emission spectra, such as shifts in the or the formation o f 

any other long wavelength emitting species. Hence, it is proposed that upon anion 

recognition, photoinduced electron transfer (PET) from the electron rich anion:receptor to 

the phen  excited state is activated, thus causing the fluorescence emission to 'switch o ff'. 

Therefore, this can be considered as being an anion modulated PET quenching, even 

though no formal covalent spacer separates the fluorophore from the urea receptor.'*^’'*̂  As 

for the excited state investigation discussed above, addition o f Br' did not give rise to any 

significant quenching in the emission except at very high concentrations.

Analysis o f the changes in the emission intensity against -log  [anion] can allow for a 

prediction o f the binding stoichiometry for the interactions.'^^ By looking at the profile o f -  

log [CH3COO ] and -log  [H2PO4 ] versus the relative emission intensity at 422 nm, as 

shown in Figure 4.4.3, it can be seen that the changes occur over two log units, which is 

indicative o f a 1:1 binding interaction.

•  •  •
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•  F-
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Figure 4 .4 3 :  Changes in the relative em ission intensity o f  87 (4.8 |iM ) at 422 nm upon gradual additions o f  
CHjCOO' (0 — 1.53 mM), H2P0 4 ' (0->• 3.49 mM), and F  (0 ^  1.09 mM), v er su s -lo g  [anion].
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The changes in the emission intensity for the titration with F" occur over less than two 

log units, suggesting more than just a simple 1:1 binding process. This is in agreement with 

the absorption data above, suggesting the presence of two stepwise equilibria possibly 

involving the interaction ofthe formed F':87 complex with a second F' to give HF2 .^'’̂ ’̂'^' 

Once the stoichiometry has been assessed, the titration data was then fitted to an 

equilibrium model, using the nonlinear least-squares program SPECFIT. From the 

fluorescence changes observed during the titrations with CH3 COO' and H2 PO4 ', the best fit 

was observed for the 1:1 binding stoichiometry. From these fits, binding constants of log 

Âi i = 5.19 ± 0.03 and log K \ - \  = 4.35 ± 0.06 were obtained for CHjCOO'iS? and H2PO4" 

:87 respectively. These values indicate a strong binding interaction between 87 and these 

anions in CH3 CN. The fact that CH3 COO' is bound more strongly than H2 PO4 ', reflects the 

ability o f the former ‘Y’ shaped anion to interact with the receptor in a more linear 

hydrogen bonding manner. For the titration with F", the data was better fitted to a 1:1 and 

2:1 (anion:host) two step equilibrium model. From the changes observed for the titration 

with F\ binding constants o f log Âi i = 4.75 ± 0.26 and log Â2 :i ^  4.73 ± 0.21 were 

obtained for F‘:87 and F'2:87 respectively. The good agreement between the experimental 

data and the obtained fit for the titration with F‘ is shown in Figure 4.4.4, which further 

supports the binding model used when determining the binding constants.
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Figure 4.4.4: Fitting o f  the fluorescence em ission data for the titration o f  87  (4.8 |iM ) with F' at 422  nm.
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Further information about the binding equilibrium process can be extracted from 

analysis o f the speciation distribution diagram. Such diagrams usually show the percentage 

o f  a species present at equilibrium as a function of concentration or number o f equivalents 

o f added guest. The diagram o f the species present at equilibrium during the course o f  the 

titration o f 87 with F' is shown in Figure 4.4.5, and demonstrates that there are three 

species present in solution; the free receptor 87 (red line), the F':87 complex (green line), 

and the product o f the interaction between F':87 and another F' ion (pink hne). This can be 

represented using the two step equilibrium shown below.

P  + 87 ^  -  F-:87 (i)

P:87 + F- (F-:87)---F- (ii)

It is clear, that an initial addition o f  F’ leads to the formation o f the 1:1 (F':87) complex 

in approximately 50%, corresponding to step (i). However, a fiirther addition o f F' leads to 

the formation o f the 2:1 (F'2:87) species, step (ii). This species is seen to clearly dominate 

after the addition o f four equivalents o f  anion, comprising ca. 90% of the total composition 

once equilibrium has been reached.
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F igure 4 .4 .5: Speciation distribution diagram for the titration o f8 7  (4.8 jiM) with F .
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The results discussed so far show the ability o f  87 to fiinction as a luminescent "on-off 

sensor for C H 3C O O , H2PO4', and F'. However, the most interesting results were observed 

for the fluorescence titration o f  87 with Cl'. Here, the fluorescence studies for Cl' revealed 

a ca. 45% enhancement o f  the emission intensity, as shown in Figure 4.4.6, and not the 

quenching as observed for the anions studied so far. The 'switching on' o f  the emission 

intensity was accompanied by a shifl towards longer wavelengths (422 nm ^  428 nm), 

with the formation o f  an isoem issive point at 399 nm. Figure 4.4.6.
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F igu re  4.4.6: Fluorescence spectra showing the changes in the emission intensity o f  87 (4.8 pM ) upon 
gradual additions o f  Cl’ (0 —> 17.50 mM). Insert: The relative intensity at both 384 nm and 422 nm as a 
function o f-lo g [C r] .

As can be noted fi'om these results, the PET quenching mechanism operating on the 

recognition process o f  CH3COO', H2PO4', and F' is not operating for the binding o f  Cl'. 

Therefore, it was proposed that the enhancement o f  the emission intensity, upon 

recognition o f  Cl', is due to a reduction in the PET quenching effect from the receptor to 

the excited state o f  the phen  fluorophore, as a result o f  the bound spherical anion ‘blocking’ 

the pathway o f  the electron transfer.

As mentioned previously, analysis o f  the changes in the emission intensity at a given 

wavelength against -log [anion] can allow a prediction o f  the binding stoichiometry.'^^ By 

looking at the profile o f - lo g  [Cl'] versus the relative emission intensity at 422 nm, shown 

as the insert in Figure 4.4.6, it can be observed that the changes occur over three log units.
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indicating a recognition process more complex than a simple 1:1 binding interaction. This 

was further supported by fitting the titration data, using SPECFIT, which indicated the 

occurrence o f  two binding interactions between 87 and Cl', giving rise to the 1:1 (Cr:87) 

and 1:2 (C r :8 7 2 ) species in solution. Binding constant o f  log Â i:i = 3.84 ± 0.14 and log K\a 

= 5.94 ± 0 .1 6  were determined for the 1:1 and 1:2 binding interactions, respectively. W hile 

these results imply that 87 binds C l’ strongly, through the formation o f  a 1 :2  (Cl‘:872) 

stoichiometry, it has been dem onstrated throughout the literature, that such simple urea 

based receptors do not bind, or only interact very weakly, with large spherical anions such 

as Cr.^^ On the other hand, it has also been demonstrated that such spherical anions interact
1 7 ^  1 7 7  1 f i 7  1 ftSi

with receptors through multiple binding interactions. ’ ’ In the present case,

interaction o f  Cl' with two m olecules o f  87 was observed through the formation o f  the Cl' 

:8 7 2  species in CH 3CN. W ithout X-ray crystallographic data it is difficult to predict the 

structure o f  the Cl':872 complex. Nevertheless, the binding interaction is proposed to take 

place through hydrogen bonding between the four urea NH protons o f  two self-assembled 

m olecules o f  87 and Cl", as tentatively depicted in Schem e 4.4.1,

Schem e 4.4.1: Proposed 1:2 binding mode between Cl' and the urea receptor 87 (Cr:872).

Analysis o f  the speciation distribution diagram, presented in F igu re  4.4.7, clearly 

shows that the initial addition o f  C l' gives rise to the formation o f  the 1:2 (Cl’:8 7 2 ) complex 

(blue line) in ca. 27% , resulting from the self-assembly o f  two molecules o f  87 in order to
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bind Cr. However, upon further addition o f Cl', the 1:1 (C r:87) species (green line) begins 

to dominate.
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Figure 4.4.7: Speciation distribution diagram for the titration o f  87 (4.8 |iM) with Cl'. The species present 
were found to be; free receptor 87 (red), d ':8 7  complex (green), and the Cr:872 complex (blue).

By plotting the changes in the emission intensities induced by all o f  the anions studied, 

a direct comparison o f  the sensor sensitivity towards these anions can be assessed. The 

profile o f  the relative emission intensities. Figure 4.4.8, shows the preference o f  sensor 87 

towards CH3COO'. This sensitivity can be fiirther supported by the binding constants (Log 

K) obtained for the 1:1 association between the sensor and the different anions studied. 

Table 4.4. Nevertheless, the different behaviour o f the Cl" ion works as an impediment 

towards this direct comparison o f  sensor sensitivity towards the various anions. 

Consequently, these results provide us with a powerful tool to determine the nature o f  the 

bound anion, that is, the ''switching on' versus the '’switching o f f  o f the fluorescence 

emission intensity.
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Figure 4.4.8: Comparison o f  the changes occurring in the relative fluorescence emission intensity at 422 nm 
o f8 7  upon addition o f  several anions.

The binding constants (log K) and binding modes obtained for the fluorescence 

titrations of the urea receptor 87 with the various anions are summarised in Table 4.4. Full 

titration data including absorption spectra, fluorescence spectra, binding isotherms with 

corresponding fits, and speciation distribution diagrams are presented in the Appendix 

section (A3.1).

Anion
Binding m ode 

(anion:87) \ o g K
Std. Deviation  

(±)
CH 3 COO 1 : 1 5.19 0.03

1 : 1 4.75 0.26r
2 : 1 4.73 0 . 2 1

H 2 PO 4 1 : 1 4.35 0.06
1 : 1 3.84 0.14

Cl
1 : 2 5.94 0.16

Table 4.4 Binding constants (log K) and binding modes obtained for the fluorescence titrations o f  87 with the 
various anions in CH3CN, using the SPECFIT program.

With the aim of demonstrating the selectivity of 87 towards Cl", the luminescence of 

this receptor was recorded in the presence of CH3COO', which quenched the fluorescence 

emission. Here the selectivity for Cl’ was clearly demonstrated, as upon addition of
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increasing concentrations o f  CP, the emission was restored, giving rise to the red shift as 

discussed above. Figure 4.4.9. Hence, these resuUs clearly dem onstrate that 87 is able to 

work as a selective fluorescent sensor for Cl'.
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F igure 4.4.9: Selective binding o f  87 (4.8 (iM ) to Cl' over CH3COO , in CH3CN upon excitation at 265 nm.

These are very encouraging results, when considering the biologically im portance o f  

C r, which is known to fulfil or regulate a series o f  important cellular functions, including 

pH control, ion transport, regulation o f  cell volume and intermediary metabolism.^' 

Chloride ion channels are involved in the facilitated exchange o f  Cl' for HCO3’ in 

eiythrocytes and the failure o f  this system has been demonstrated in cystic fibrosis 

p a t i e n t s . A s  a result there is considerable interest in devising effective ways o f
187m easuring extracellular (110 mM ) and intracellular (5-15 mM ) chloride concentrations. 

However, Cl' recognition is not trivial and often require the use o f  structurally complex 

hosts, such as those developed by Davis and Smith.

Through the nitrogen atoms o f  the phen  moiety, receptor 87 is also expected to be able 

to bind cationic species. Therefore, 87 is an ideal “candidate” for the developm ent o f  stable 

com plexes with cations, such as transition metals. W ith this in mind, the next step was to 

investigate the formation o f  these complexes. The results fk>m this investigation will be 

presented in the following section.
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4.5 Photophysical studies o f 87 with Cu(II) and Fe(Il)

It is well known that 1,10-phenanthroline and its substituted derivatives are able to bind 

strongly with different metal ions.'^^’'̂  ̂ Intrinsic properties, such as structural rigidity and 

luminescence make phen  ligands very attractive towards the sensing o f metal cations.

As previously mentioned, the binding process is expected to take place trough the unshared 

electron pairs o f the two aromatic nitrogens o f the phen moiety in 87 and the positively 

charged species (M), as depicted in Scheme 4.5.

M
OA.

I  I
H H

CF,

Schem e 4.5: Proposed binding mode between the phen  moiety o f  receptor 87 and metal ions (M), where n 
represents the number o f  receptors coordinated to the metal.

Transition metals such as Cu(ll) and Fe(II) are o f extreme biological importance.^®^ 

Due to its presence in organs and tissues of the human body, as well as being a 

fiindamental component o f many enzymes, copper is one o f the most relevant metal ions in 

biological systems.^^' In blood, copper is bound, in its most important oxidised state Cu(II),

to albumin as well as other chelating peptides and amino acids.^^' Iron is essential in many
200 . . .  . . 202 biological processes and is o f critical importance in the proliferation o f cancer cells.

Fe(II) complexes are used on the treatment o f hypochromic anaemia caused by iron

deficiency.^*’̂ ’̂*’'* Consequently, there has been an increasing interest in metal ion
205therapeutics for both diagnosis and treatment. Hence, any advances on the sensing and 

coordination o f these metals are particularly desirable.

The formation and stability o f the complexes established between the metals and the 

sensor, metal:87, were investigated in a similar manner already described for the anions in 

Section 4.4. Titrations were carried out by addition o f aliquots o f the guest metal ion to a 

solution of known concentration o f  host 87 (4 (iM) in CH3CN. Once again, due to the fact 

that 87 is poorly soluble in most organic solvents, a minimum amount o f DMSO (< 0.1%)
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had to be used on the preparation o f the stock solution o f 87 in order to maximize its 

solubility in CH 3CN. The metals studied [Cu(II) and Fe(II)] were used as their perchlorate 

salts ([Cu"(C 1 0 4 )2 ].6 H2 0  and [Fe"(C1 0 4 )2].H2 0 , respectively), which is a non-coordinating 

anion for the urea receptor. In order to account for the binding ability and selectivity o f 87 

towards the mentioned metal ions, both the changes in the absorbance and in the 

fluorescence were followed during the course o f  the titrations. The results obtained will be 

presented and discussed on the following sections.

4.5.1 Binding studies carried out on Cu(II)

Upon gradual additions o f [Cu(C1 0 4 )2].6 H2 0  to a solution o f 87 (4 |iM) significant 

changes were observed in the absorption spectra, with formation o f three isosbestic points, 

as shown in Figure 4.5.1 . The band at ca. 265 nm was also observed to experience a blue 

shift to ca. 260 nm, which can be attributed to the coordination o f the metal ion to the lone 

pair o f  the nitrogen atoms o f the phen  moiety.^^^

log [Cu(ll)]

240 250 260 270 280 290 300 310 320 330 340 350 360 370 380 390 400 410 420 430

W avelength [nm]

F igure 4 3 .1 :  Changes in the absorption spectra o f  87 (4 ^M) upon addition o f  Cu(Ci04)2  (0 —+ 2.86 ^M). 
Insert: The changes in the absorbance at 292nm  as a function o f - lo g  [Cu(II)].

By following the changes in the absorbance as a ftinction o f  -log  [Cu(II)] for the 262 

nm, 292 nm, 312 nm, and 340 nm bands, similar results were obtained. These changes 

occur over one log unit, as shown for the band at 292 nm on the insert in Figure 4.5.1,
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which can be indicative o f  a stoichiometry other than 1:1 (between the metal ion and 87).'^^ 

In fact, plotting the number o f equivalents o f Cu(ll) added versus the changes in the 

absorbance, as shown in Figure 4.5.1.1 for the band at 292 nm, it can be observed that the 

changes occur up to 0.5 equivalents o f Cu(II), after which the changes are only minimal. 

This is a clear indication o f the binding o f one Cu(II) ion to 87 in a 1:2 (Cu:872) 

stoichiometry.
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Figure 4.5.1.1: Profile o f  the changes in the absorbance at 292 nm vi. the number o f  equivalents o f  Cu(ll).

Taking into account the discussion above, the UV-Visible titration data was fitted, 

using the nonlinear least-squares regression program SPECFIT, to the two step equilibrium 

model shown below. Here, the interaction o f the Cu(II) ion with 87 gives rise to the 

formation o f Cu:87, (i). However, due to the coordination requirements o f the metal, 

interaction o f Cu:87 with a second molecule of 87 leads to the formation o f the 1:2 

(Cu:872) stoichiometry,(ii).

Cu2^ + 87 -  Cu:87 0 )

(Cu:87) 8 7 ^ = ^  Cu:872 ('')

From this, binding constants o f log K\-\ = 5.53 ± 0.39 and log K\a  = 6.93 ± 0.11 were 

obtained for the formation o f Cu:87 and Cu:872 respectively. The binding constant for the 

formation o f the 1:1 complex carries a significant error (± 0.39), which can be associated to
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the low percentage formation (< 10%) o f  this com plex in solution (see Appendix A3.2). 

The excellent fit to the experimental data is shown in Figure 4.5.1.2.
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F igure 4.5.1.2: Experimental binding isotherm for the IJV-Visible titration o f  87  (4 (iM ) with Cu(II) in 
CH^CN, and corresponding fit from SPECFIT.

The changes in the fluorescence emission intensity were followed by excitation at 266 

nm  o r 320 nm. On all occasions, the emission intensity o f  the band centred at 422 nm  was 

quenched by ca. 93% upon gradual additions o f  C u(C 104)2, as seen in Figure 4 .5 .1.3 for 

the changes observed upon excitation at 266 nm.
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F igure 4 5 .1 3 :  Changes in the fluorescence em ission intensity o f  87  (4 |iM ) upon addition o f  Cu(CI0 4 ) 2  (0 
—► 2.86 nM ), in CH 3CN. Insert: The decrease in the emission intensity up to 0.7 equivalents ofC u(II).
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The fluorescence was almost fully quenched after the addition o f ca. 0.5 equivalents o f 

Cu(ll), as shown on the insert in Figure 4.5.1.3, suggesting a 1;2 binding interaction 

between the guest metal ion and the host 87, as tentatively depicted in Scheme 4.5.1 for the 

two possible structural isomers, the cis and the trans isomer.
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Scheme 4 5 .1 : Proposed structure for the 1;2 complex betwccai Cu(II) and 87, showing the two possible 
structural isomers, the cis and the trans isomers.

The observed changes were assigned to the coordination o f Cu(II) to the phen  moiety. 

Coordination to the metal can lead to quenching o f the emission intensity through the 

formation o f non-radiative charge-transfer states. The metal ion can also participate in the 

quenching by energy or electron transfer.^®*’

The fitting o f these changes using the nonlinear least-squares regression program 

SPECFIT indicated the formation o f the expected 1:2 complex. The determined binding 

constants, log Â i i = 5.95 ± 0.18 and log K \ 2  = 6.90 ± 0.08, were found to be in good 

agreement with those obtained for the absorption changes discussed above. As observed for 

the ground state studies, an excellent fit to the experimental data was obtained. Figure 

4.5.1.4.
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Figure 4.5.1.4: Fitting o f  the fluorescence em ission data for the titration o f  87 (4 ^M ) with Cu(II) at 422  nm.

The binding constants (log AT) and binding modes obtained for the UV-Visible and 

fluorescence titrations o f  the phen  receptor 87 with Cu(Il) are summ arised in Table 4.5.1.

Metal M ethod Binding m ode (Cun:87m) log/ir(±)

Cu(II)
Absorbance Cu:87

Cu :872
5.53 ± 0 .39*  
6.93 ± 0 .11

Fluorescence Cu:87
C u :872

5.95 ± 0 .18*  
6.90 ± 0.08

T able 4.5.1: Binding constants and binding modes between Cu(II) and sensor 87. * Species present in 
solution in less than 10% formation.

In addition to the absorption and the luminescence titration m easurem ents, 

complexation studies using electrospray mass spectrometry (ESM S) were also undertaken. 

ESM S has been devised as an useful m ethod for establishing supram olecular interactions 

by means o f  the changes observed in the m olecular mass.^°^ By adding an excess o f  

Cu(C 104)2  to a suspension o f  87 in CH 3CN a green solid was im m ediately formed, which 

was indicative o f  the desired com plex formation. The mass spectrum showed the presence 

o f  two peaks at m /z = 382 and m/z = 827, corresponding to the free host 87 and to the 

C u : 8 7 2  complex, respectively. The isotopic distribution pattern generated for C u.8 ? 2
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compared well with the theoretical isotopic model for C40H26N8O2F9CU, shown in Figure 

4.5.1.5.
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Figure 4 .5 .1.5 : ESMS of Cu.8?2 (C40H26N8O2FCU) in comparison with its theoretical isotopic distribution 
model.

These results are in good agreement with those found for the absorption and the 

luminescence titration measurements, indicating the expected coordination o f Cu(II) to two 

molecules o f 87. These results were expected as Cu(II) is well known for its distorted 

square planar g e o m e t r y H o w e v e r ,  a distorted octahedral geometry has been reported for 

the coordination o f Cu(II) with phen?^^ More recently, Gunnlaugsson et al. observed the 

1:3 binding between Cu(II) and a Eu(III)-cyclen-/?//e« c o n j u g a t e . I n  order to gain a better 

understanding o f the stoichiometry and the geometry o f the complex, attempts were made 

to grow crystals suitable for X-ray crystallographic structure determination.

Small crystals, which were grown by slow evaporation from a CH3CN solution, were 

used for X-ray crystallographic diffraction studies. The obtained crystal structure, 

(Cu2:874).(C104)4.(CH3CN)2, as solved by Dr. Thomas McCabe, is shown in Figure 

4.5.1.6, while selected bond lengths and bond angles for the complex are given in Table 

4.5.1.1. Due to the relatively small size o f the crystals grown, the quahty o f the obtained 

data was somewhat poor (see Appendix A 1.5). Nevertheless, analysis o f the obtained 

structure can provide useful information about the coordination and geometry adopted by
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the Cu(II) ion in the solid state. The remarkable structure was found to involve the 

formation o f  a dinuclear complex, through interaction o f two copper ions with four 

molecules o f 87.

\ V
Figure 4.5.1.6: Molecular structure o f  (Cu2:874).(C104)4.(CH3CN)2, obtained by X-ray crystallography, 
show ing the bonding interactions between Cu(II) and 87 . Hydrogen atoms as w ell as solvent m olecules and 
perchlorate counter ions were omitted for clarity.

Each Cu(II) ion is in a similar distorted square-pyramidal geometry, coordinated by 

four nitrogen atoms from the two phen ligands and one oxygen atom from the urea moiety 

o f  a neighbour molecule o f  87. The Cul-O lO  distance was found to be 2.105(10) A, which 

is indicative o f a relatively strong bond between the Cu(Il) ion and the oxygen atom. As 

expected for such geometry, the bond distances Cul-N 2 and Cul-N 4 were found to be 

shorter (1.968(11) A and 1.995(14) A, respectively) than the bond distances Cul-N3 and 

Cul-N5 (2.004(13) A and 2.071(13) A, respectively).^''^ The N2, Cu and N4 atoms are 

almost co-linear, since the N2-Cul-N4 angle is 169 3(5). The angles N2-Cu 1-010, N2- 

Cul-N 3, N2-Cul-N5, N 4-C ul-010, N4-Cul-N3 and N4-Cul-N5 were found to be in the 

range o f  90 ± 10°, being 84.4(4), 82.4(5), 103.7(5), 82.7(4), 94.7(5) and 85.2(4), 

respectively. Once again, the NH protons o f  each urea moiety were found to be in the syn 

conformation {i.e. NH protons are facing in the same direction).
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Bond Length (A) Bond Angle (")
Cu(l)-N(2) 1.968(11) N(2)-Cu(l)-N(3) 82.4(5)
Cu(l)-N(3) 2.004(13) N(4)-Cu(l)-N(5) 85.2(4)
Cu(l)-N(4) 1.995(14) N(2)-Cu(l)-N(5) 103.7(5)
Cu(l)-N(5) 2.071(13) N(4)-Cu(l)-N(3) 94.7(5)
C u(l)-0(10) 2.105(10) N(2)-Cu(l)-N(4) 169.3(5)
0(1)-C(8) 1.205(16) N(3)-Cu(l)-N(5) 139.9(5)
0(10)-C(43) 1.29(2) N (2)-Cu(l)-0(10) 89.4(4)
N (l)-C(8) 1.399(18) N (3)-Cu(l)-0(10) 116.3(4)
N(6)-C(8) 1.457(18) N (5)-Cu(l)-0(10) 103.5(4)
N(8)-C(43) 1.41(2) N (4)-Cu(l)-0(10) 82.7(4)
N(7)-C(43) 1.386(19) C(43)-0(10)-Cu(l) 135.5(9)
N(1)-C(5) 1.373(17) N(l)-C(8)-N(6) 110.0(12)
N(6)-C(9) 1.387(15) C(8)-N(l)-C(5) 123.2(13)
N(8)-C(36) 1.421(17) C(9)-N(6)-C(8) 121.4(12)
N(7)-C(30) 1.490(18) 0(1)-C(8)-N(1) 126.1(15)

0(1)-C(8)-N(6) 123.5(15)
0(10)-C(43)-N(7) 123.7(15)
0(10)-C(43)-N(8) 119.7(15)
N(7)-C(43)-N(8) 116.6(16)

Table 4 5 .1 .1 : Selected bond lengths and bond angles for Cu2:874 .

The structure o f five coordinated dinuclear Cu(II) complexes with 1,10-phenanthroline,

exhibiting a distorted square-pyramidal geometry have been reported. For instance, Ciu and

collaborators reported a mononuclear complex o f this type, where the Cu(II) ion is

coordinated by four nitrogen atoms from two chelating phen  ligands and one oxygen atom

from a formate ligand.^'' Devereux etal. reported a series o f dinuclear complexes, showing
• 212the two Cu(II) centres linked by a dicarboxylate ligand. Each Cu(II) is coordinated by

four nitrogen atoms o f  the two phen ligands and one oxygen from a single chelating

carboxylate function o f the dicarboxylate ligand, with the second carboxylate group o f the 
212diacid uncoordinated.

A view o f the packing in the solid state, along the crystallographic b-axis, as 

determined from this study is shown in Figure 4.5.I.7. Intramolecular hydrogen bonding 

networks were observed between the dinuclear complex (NH proton o f the urea) and 

perchlorate anions. Stacking among the phen  moieties o f the dinuclear complex, as well as 

the phenyl rings and the phen  moiety is observed. The stacking distance was found to be
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3.66(3) and 3.66(6), respectively, which is in the range of average values in tt- tt stacking
213interactions.

F igure 4 3 .1 .7 :  Packing diagram as view ed along the crystallographic b-axis o f  the structure o f  Cu2:874. 
Hydrogen atoms were omitted for clarity. O red, N  dark blue, C dark grey, F yellow . Cl green.

Even though this geometry is observed in the solid state, it is possible that such 

coordination environment may also be present in solution, which would have reasonable 

influence on the binding ability of the urea active sites in solution. Hence, this may have a 

significant impact in the binding interactions of the metal complex with the various anions.

4^.2 Binding studies carried out on Fe(II)

The spectrophotometric binding studies of 87 with Fe(II) were carried out following the 

same procedure as described above for the copper ion. The changes in the absorption and 

the fluorescence spectra, were followed upon titration of [Fe(C104)2].H2 0  to a solution of 

87 (4 fiM). Significant changes were observed in the absorption spectra, with the 

concomitant formation o f three isosbestic points, as shown in Figure 4.5.2. This is 

assigned to the changes in the Ji —> n* transitions upon coordination o f the metal ion to the 

phen moiety. Charge-transfer processes indicating significant interactions between the 

molecular orbitals of the ligand and those o f the Fe(II) metal center were also observed by
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the presence o f a MLCT band at long wavelength (520 nm), as discussed later in Section 

4.6.
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Figure 4.5.2: Changes in the absorption spectra o f  87  upon addition o f  Fe(C i04)2  (0 —> 4 .0 1 (iM). Insert: The 
changes in the absorbance at 292  nm as a function o f  the number equivalents o f  Fe(ll).

As can be observed, from the insert in Figure 4.5 J  these changes occur over ca. 0.6 

equivalents o f Fe(II), after which the changes are minimal. The fact that the changes are 

occurring over 0.6 equivalents o f  Fe(II) added is a strong indication o f the formation o f a 

1:2 complex, F e.li, as observed previously for Cu(II). Fitting the spectral changes, using 

the SPECFIT program, fiirther supported the formation o f the 1:2 (Fe:872) complex with 

determined binding constants o f log AT/. / = 5.67 ± 0.32 and log Â /,2 = 6.04 ± 0.37. Although 

the binding constant for the 1:1 (Fe:87) interaction was found to be similar to the one 

determined for the Cu(II) complex (log Ki:i = 5.53 ± 0.39), the binding constant for the 1:2 

(Fe:8 7 2 ) was found to be lower when compared to the formation o f Cu:8 ? 2  (log K / , 2 = 6.93 

± 0 . 11 ).

The changes in the fluorescence emission intensity were followed by excitation at 266 

nm or 320 nm. In both cases, the emission intensity o f the band centred at 422 nm was 

quenched by ca. 91% upon gradual additions o f Fe(C104)2, as shown in Figure 4.5.2.1 

upon excitation at 266 nm. These changes occur over one log unit, as revealed in Figure
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4.5.2.1 insert, indicating, as expected, that the binding process is more com plex than ju st a 

sim ple 1:1  interaction.
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F igure 4.5.2.1: Changes ion the fluorescence emission spectra o f  87 (4 |iM ) upon addition o fF e (C 104)2 (0 —► 
4.01 |aM), in CHjCN. Insert: The changes in the fluorescence em ission intensity at 422  nm as a function o f -  
log[Fe(ID].

In agreement with the ground state, the changes were observed to occur up to ca. 0 .6  

equivalents o f  Fe(II), after which the changes were only minimal. Once again, this 

indicated the formation o f  the 1:2 (F e :8 7 2 ) complex, as previously observed for Cu(II). So, 

these changes were fitted to a two consecutive stepwise equilibrium  model, which gave rise 

to binding constants o f  log ATi i = 5.57 ± 0.18 and log K \-2 = 5.97 ± 0.18 for the formation 

o f  Fe:87 and F e:8 ? 2  respectively. These values are indicative o f  the strong interaction 

between metal and ligand leading to the formation o f  the 1 :2  complex, which is in good 

agreem ent with the binding constant determined for the ground state (log K \ 2  = 6.04 ± 

0.32). As discussed above for the absorption titration, the binding constant for the 

formation o f  F e :8 7 2  was found to be lower than the one determined for the formation o f  

C u :8 ? 2  (log K \ 2  = 6.90 ± 0.08). The excellent fit to the experimental data, as shown in 

F igu re  4.S.2.2, is a good evidence o f  the correct binding model used when determining 

these binding constants.
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Figure 43 .2 .2: Binding isotherm and corresponding fit o f  the fluorescence emission data for the titration o f  
87 (4 nM) with Fe(II) at 422 nm.

The binding constants (log K)  and binding modes determined from the absorption and 

the fluorescence titrations o f  87 with Fe(ll) are summarised in Table 4.5.2. As can be 

observed, the binding constants determined from both the absorption and the fluorescence 

studies were found to be in good agreement. When comparing the binding interactions o f  

both Cu(ll) and Fe(Il) with 87, it was found that these metals interact strongly with the 

phen  ligand to form Cu:87 and Fe:87, respectively, with similar binding constants (Table 

4.5.1 and Table 4.5.2). In contrast, the binding constant for the formation o f  Cu:872 was 

found to be higher (log AT/ 2 ~  7) than that determined for the formation o f  Fe:872 ( log Â / 2 

~ 6 ).

M etal M ethod Binding m ode (Cun:87m) log K  (±)

Absorbance Fe:87 5.67 ± 0 .3 2

Fe(II) Fe:872 6.04 ± 0.37

Fluorescence
Fe:87
Fe:87z

5 . 5 7 ± 0 . 18  
5.97 ± 0 . 1 8

Table 43 .2 : Binding constants and binding modes between Fe(II) and sensor 87.

As for Cu(II), attempts to provide further insight into the binding process taking place 

between Fe(II) and 87, either by complexation studies using electrospray mass
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specttx)metry (ESM S) or X-ray crystallography were made. However, all the attempts 

failed to produce successful results.

These studies illustrated the fact that Cu(II) and Fe(II) form strong 1:2 (M :8 7 2 ) 

complexes in solution, by coordinating to the phen  moiety o f  two molecules o f  87. As a 

consequence o f  this self-assembly, two urea moieties are introduced within the complex. 

This is a desirable property, as more binding sites are created for anion recognition. In 

addition, the metal may orientate these urea moieties creating suitable binding sites for 

selective anion recognition. Therefore, the presence o f  the metal ion is expected to 

cooperatively affect the binding behavior towards the anionic species.

With this in mind, studies on the binding affinity o f  these metal complexes (Cu:8 ? 2  and 

Fe:8 ? 2 ) with various anions were undertaken and the results will be presented in the 

following sections.

4.6 Photophysical studies on the m etal com plexes towards binding with anions

The binding affinity o f  the metal complexes, Cu:8 ? 2  and Fe:8 ? 2 , towards various 

anions was studied using spectrophotometric methods such as UV-Visible and 

fluorescence. In order to assess the interaction between the guest anions (G) and the host 

metal complexes (H), titrations were carried out in a manner previously described. 1 mM 

metal complex stock solutions were prepared by adding 0.5 equivalents o f  Cu(C1 0 4 ) 2  or 

Fe(C104)2 to a suspension o f  87 in CH3CN. Complex formation was signalled by naked eye 

visualisation o f  green and red coloured clear solutions for Cu(II) and Fe(II), respectively. 

However, after dilution to 4 |iM (host metal complexes concentration used in the studies 

performed in this section), these solutions changed to colourless and faint red for Cu(II) 

and Fe(II) respectively. The absorption spectra o f  such solutions were recorded, and the 

obtained results presented in Figure 4.6. As can be observed, both spectra are relatively 

similar in shape except for the appearance o f  the band centred at ca. 520 nm for the Fe(II) 

complex, which can be attributed to the metal-to-ligand charge-transfer (MLCT) transition 

upon coordination o f  this metal to the phen  ligand. Such MLCT bands are characteristic o f  

this kind o f  Fe(II) c o m p l e x e s . T h e  fluorescence emission spectra o f  the Cu(II) 

complex and Fe(II) complex, when excited at 260 nm or 335 nm, gave rise to an emission 

band centred at 422 nm. In addition, the fluorescence emission spectra o f  the Fe(II)
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complex when exciting at the MLCT band, 520 nm, gave rise to a weak emission band 

centred at ca. 616 nm.

Cu(ll)

Fe(ll)

Figure 4.6: Absorption spectra o f  the free host Cu(II) and Fe(II) metal com plexes (4 fiM) in C H iC N . In.sert: 
Fraction o f  the absorption spectra, show ing the presence o f  the MLCT band at 520 nm) for the Fe(II) 
complex.

4.6.1 Ground state investigations

4.6.1.1 Interaction of Fe:8 ? 2  with anions

The changes in the absorption spectra during the titrations of Fe:8 ? 2  with the various 

anions showed a decrease in the absorbance for all the bands (including the MLCT band, 

insert in Figure 4.6.1.1), upon increasing concentration of the anions such as CHsCOO', F', 

and Cr. For these anions no significant shifts or isosbestic points were observed, as shown 

in Figure 4.6.1.1 for the titration of Fe:8 ? 2  with CHaCOO’.
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Figure 4.6.1.1: Changes in the absorption spectra o f  Fe : 8 7 2  upon addition o f  CHjCOO' (0 —► 14.50 nM). 
Insert: Fraction o f  the absorption spectra, showing the changes at the MLCT band (A.max at 520 nm).

The titration profile shown in Figure 4.6.1.1.1 for the band at 264 nm clearly indicate 

that such changes are occurring over the addition o f  one equivalent o f  CH jCOO ', indicating 

the formation o f  a 1:1 (G:H) adduct. Furthermore, the titration profile does not show any 

curvature suggesting a strong interaction between the guest and the host species, which 

prevents the determ ination o f  a reliable binding constant (log AT). In fact, a log / > 7 was 

found using the nonlinear least-squares regression program  SPECFIT.
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Figure 4.6.1.1.1: Changes in the absorbance at 264 nm o f Fe:8 ? 2  as a fiinction o f  the number equivalents o f  
CHjCOO'CO^ 14.50 nM).
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Similar results were obtained for the titrations o f Fe:8 ? 2  with F' and C1‘, showing 1:1 

interactions with the host metal complex. The absorbance spectra and titration profiles are 

shown in the Appendix A3.3.1. Fitting the obtained titration data to a 1:1 equilibrium 

model, using the SPECFIT program, gave rise to binding constants o f log Kj i = 5.88 ± 

0.12 and log Ki i = 5.76 ± 0.25 for the interaction of Fe:8 ? 2  with F‘ and CT respectively.

In the case o f H 2 P O 4  , a different behaviour was observed. Figure 4.6.1.1.2. An initial 

addition o f 0.5 equivalents o f H2? 0 4 ‘ led to a significant decrease in the absorbance, 

followed by an immediate increase up to the addition o f two equivalents o f added anion. 

By looking at the titration graph depicted on the insert in Figure 4.6.1.1.2, it can be seen 

that the first part o f the profile (0 0.5 equivalents H 2 P O 4 )  does not show any curvature,

which is an indication o f a strong interaction between one H 2PO 4" and two Fe:8 7 2 , to form 

the 1:2 (G:H2) stoichiometry. However, this also prevented the determination o f reliable 

binding constants for the interaction o f H 2 P O 4 ' to Fe:87i. The second component o f the 

profile, insert in Figure 4.6.1.1.2, shows a gradual increase in the absorbance, which 

indicates the formation o f the possible 1:1 (G:H) and 2:1 (G2:H) species in solution. A 

similar behaviour was observed for the titration with H 2P 2O 7 " (see Appendix A.3.3.1).
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Figure 4 .6.1.12: Changes in the absorption spectra o f  Fe:8 ? 2  upon addition o fH 2 P0 4  (0 —► 13 |iM). Insert: 
The changes in the absorbance at 262 nm as a flinction o f  the number o f  equivalents o f  H2 PO4  .
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4.6.1.2 Interaction of Cu:8 ? 2  with anions

The changes observed for the titration of Cu:8 ? 2  with CH3 COO' gave similar results to 

those discussed above for the Fe(II) complex. A decrease in absorbance accompanied by a 

4 nm red shift for the band centred at ca. 260 nm was observed upon addition o f CH3 COO', 

as shown in Figure 4.6.I.2. As previously mentioned, it can clearly be observed that the 

MLCT band is not present in the absorption spectra of the Cu(II) complex. The titration 

profile shown on the insert in Figure 4.6.1.2 clearly indicates the formation o f a 1:1 

adduct, as the changes are occurring over ca. 1.2 equivalents of CHsCOO'. Fitting these 

changes using the SPECFIT program gave rise to a binding constant o f log Ki i = 6.78 ± 

0.25, which although high was found to be not as strong as the binding constant for the 

interaction with the Fe(II) complex (log Ki:i > 7). For the interactions o f C u : 8 7 2  with Cl" 

and F‘ it was not possible to determine reliable binding constants, as addition o f CT gave 

rise to only minor changes in the absorbance spectra, while addition o f F' gave rise to more 

complex spectra. The absorbance spectra and titration profiles are presented in the 

Appendix A.3.3.2.
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Figure 4.6.1.2: Changes in the absorption spectra o f  C u:8?2  upon addition o f  CH3COO' (0 —> 12.90 |iM). 
Insert: The changes in the absorbance at 290 nm as a function o f  the number equivalents o f  CHjCOO'.

Upon addition of H2 P0 4 ', a different behaviour was observed, similar to that seen for 

the interaction of H2 PO4 " with Fe:8 7 2 . An initial addition o f 0.5 equivalents o f H2 PO4 ' led 

to the decrease in absorbance, which was followed by an immediate increase up to the
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addition o f  two equivalents o f added anion. As discussed for the titration with Fe:8 ? 2, the 

decrease in absorbance can be attributed to the possible formation o f the 1 : 2  (G:H2) 

stoichiometry between H2 PO4 ' and C u:872. Once again it was not possible to determine 

reliable binding constants for the interaction between these anions and the metal complex, 

as the binding process showed too complex (Appendix A3.4.1, Figure A3.4.1.2).

4.6.2 Excited s ta te  investigations

The fluorescence emission spectra o f the hosts (H), F e:8?2 and C u :8 ? 2, when excited at 

260 nm, gave rise to a band centred at 422 nm. Upon titration o f C u : 8 7 2  with CH 3COO' 

and F‘ the emission intensity was enhanced by ca. 74% and 50% respectively, as is evident 

from F igure  4.6.2 for the titration o f C u :872 with CH 3COO'. For the titration o f C u :872 

with CH 3COO’, the changes in emission intensity were observed to occur over two log 

units (insert in Figure  4.6.2), which are indicative o f 1:1 binding interaction between the 

host and the guest anion.

800 800 1
700 -700

600
500

500 400 -
300400

c 300

200

100

350 370 390 410 430 450 470 490 510 530 550 570 590 610
W avelength [nm]

F igu re  4.6.2: Changes in the fluorescence emission spectra o fC u . 8 ? 2  upon addition ofC H sC O O ' (0 12.90
^M ), in CH 3 CN when exciting the sample at 260 nm. Insert: The changes in emission intensity at 422 nm as a 
function o f - lo g  [CH 3 COO ].

The titration profile shown in Figure  4.6.2.1 clearly indicates that such changes are 

occurring over the addition o f one equivalent o f CHsCOO", fiirther supporting the
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formation o f a 1:1 (H:G) adduct between the host (H) and the guest anion (G). The fitting 

o f  these changes using SPECFIT also indicated the formation o f the 1:1 complex, with a 

log Ki:i = 6.95 (± 0.17), which was in good agreement with the ground state studies (log 

Ki I = 6.78 ± 0.25). This binding constant, reflecting a strong interaction between 

CH3COO' and Cu:8?2, is at least 60-fold higher than that observed for the interaction with 

the simple receptor 8 7  (5.19 ± 0.03). Such results show a positive effect on the binding o f 

CH 3 C 0 0 ', due to the presence o f the metal ion. Similarly to that observed for the ground 

state studies, no reliable binding constants were determined for the titrations with both F' 

and Cr. The fluorescence emission spectra and titration profiles are presented in the 

Appendix A3.4.2.
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Figure 4.6.2.1: Changes in the emission intensity at 422 nm o f  Cu.8?2 as a function o f  the number o f  
equivalents o f  CHjCOO'.

Titration o f Fe : 8 7 2  with CH 3 COO’, F‘, and Cl’ gave rise to emission intensity 

enhancements o f ca. 70%, 69%, and 56%, respectively. Figure 4.62.2 illustrates the 

changes in the fluorescence emission spectra for the titration o f  Fe:8?2 with CH 3 COO', 

when exciting at 260 nm. Similar results were observed when exciting at 335 nm. 

However, excitation at 520 nm gave rise to a weak emission band centred at 616 nm, which 

did not change upon addition o f  F‘ (see Appendix A.3.3.2, Figure A.3.3.2). The 

fluorescence emission spectra and titration profiles, for the remaining anions, are presented 

in Appendix A3.3.2.
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Figure 4.6.2.2: Changes in the fluorescence emission spectra o f  Fe.8?2 upon addition o f  CH 3 C O O ’ (0 —► 
12.60 fiM), in CHjCN when exciting the sample at 260 nm. Insert; The changes in emission intensity at 422 
nm as a function o f  the number o f  equivalents o f  CH 3COO'.

The changes in emission intensity, for the titrations o f  F e : 8 7 2  with the mentioned 

anions, were observed to occur over one equivalent o f  added anion, as shown on the profile 

inserted m Figure 4.6.2.2 for the titration with CH 3 COO . The steep slope on this profile is 

an indication o f  a very strong binding interaction. In fact, by fitting these changes to a 1 : 1  

equilibrium model, a log Ki t > 1 was found. Following the same procedure, log Kij  o f  

5.96 ± 0.06 and 6.08 ± 0.04 were determined for the binding interactions with F" and Cl' 

respectively. The determined values are in total agreement with those obtained for the 

ground state studies (> 7, 5.88 ± 0 . 1 2  and 5.76 ± 0.25 for the interactions with C H 3COO', 

F ' and Cl’, respectively). The high values obtained for the binding constants show an 

enhancem ent on the binding interactions with the anions, when compared to the values 

determined for the interactions with the simple receptor 87 (Section 4.4). In particular, the 

binding constant o f  C l' to F e : 8 7 2  is at least 173-fold higher than that observed for the 1:1 

interaction o f  this anion to 87 (3.84 ± 0.14).

Interestingly, as found for the absorption, the fluorescence titration o f  either metal 

complex with H2PO4' gave rise to a different binding process. The emission intensity was 

quenched by ca. 90% and 46% upon addition o f  H2PO4' to CH3CN solutions o f  F e : 8 7 2  and 

Cu:8 ? 2  respectively, as shown in Figure 4.6.2.3 for the titration o f  F e : 8 7 2  with H2PO4'.

163



Chapter 4 - Sensing based on a fluorescent heteroditopic receptor

160
160

140 120
CM120

= 100

40

20

360 410 460 510 560 610

W avelength [nm]

F igure 4 .6 .2 3 : Changes on the fluorescence em ission spectra o f  Fe.872 upon addition o f  H2P0 4 ' (0 ^  13 
HM), in CH3CN when exciting the sample at 260 nm. Insert: The changes in em ission intensity at 422 nm as a 
function o f  the number o f  equivalents o f  H2P0 4 '.

The titration profile inserted in Figure 4.6.2.3 indicates a complex binding interaction, 

as the changes are taking place over more than three equivalents o f  added H2P0 4 ’. In 

addition, at least three different binding processes are taking place between 0 —> 0.5 

equivalents, 0.5 ^  I equivalents, and I ^  3.5 equivalents o f  added anion. The profile is 

also very steep, which indicates strong interactions between the host and the anion. Similar 

behaviour was observed for the titration with Cu:872. Due to these factors, it was not 

possible to determine reliable binding constants for the interaction o f  either Fe:8?2 or 

C u :87zw ith  H2P0 4 '.

The fact that dihydrogenphosphate quenched the emission intensity, as opposed to the 

enhancem ent observed for the other anions studied, lead us to investigate the interaction 

with dihydrogenpyrophosphate (H2P2 0 7 ‘̂). Upon addition o f  this anion to either Fe:872 or 

C u:8? 2, the emission intensity was quenched by ca. 71% for both titrations. Titration with 

C u :872 resulted in a profile sim ilar to that obtained for the interaction with H2PO4’. On the 

o ther hand, titration with Fe:872 gave rise to a sim pler profile, with changes occurring over 

the addition o f  one equivalent o f  added anion, as shown on the insert in Figure 4.6.2.4.
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Figure 4.6.2.4: Changes on the fluorescence emission spectra of Fe. 8 7 2  upon addition of H2P2 0 7 "' (0 —► 11 
|iM), in CH3CN when exciting the sample at 260 nm. Insert: The changes in emission intensity at 422 nm as a 
function o f  the number o f equivalents o f  H2P2 0 7 ‘̂.

As discussed above, the fluorescence em ission intensity o f  either F e:8 ? 2  or Cu:87z w as 

on ly quenched upon addition o f  H2PO4' and H2P207^‘, w hile it has been enhanced upon the 

addition o f  the remainder anions discussed in this section, as shown in F igure 4.6.2.S  for 

the titrations o f  F e:8 ? 2 .
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Figure 4.6.25: Changes on the relative emission intensity o f Fe:8 ? 2  upon addition o f  the various anions, in 
CH3CN when exciting the sample at 260 nm.
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These results are very interesting, as they provide us with a powerful tool to determine 

the nature o f  the bound anion, that is, the 'switching o f f  versus the 'switching on' o f the 

fluorescence emission intensity. Since phosphate anions play critical roles in a range o f  

biological processes, as well as in the environment, the above results are promising 

regarding the use o f  either Fe(II) or Cu(II) phen  coordinated complexes o f  87 as new 

devices for the emission-based discrimination o f  phosphate ions at a /xM level.

4.7 Conclusions

In this chapter the successful synthesis and characterisation o f  a novel heteroditopic 

receptor 87 has been discussed. A crystal structure was obtained, which shows ideal syn 

conformation o f  the NH protons o f  the urea moiety for directional binding with anions.

Spectrophotometric studies (UV-Visible and fluorescence) were carried out for 87 upon 

addition o f  various anions, in order to evaluate its binding affinity. While only minor 

changes were observed in the ground state upon anion recognition, the fluorescence 

emission was significantly affected. While anions such as CH 3 COO", H 2 PO 4 ", and F’ 

quenched the emission intensity o f  87, recognition o f Cl' gave rise to an enhancement o f  

such emission intensity. Selectivity o f  87 for Cl' was demonstrated by competitive 

measurements. Consequently, these results demonstrate the development o f  87 as a novel 

selective fluorescent sensor for Cl'.

The ability o f 87 to bind transition metals such as Cu(II) and Fe(II) was also evaluated. 

Binding studies in solution revealed strong interaction between the metal ions and the phen  

moiety o f two molecules o f  87, giving rise to the formation o f the C u : 8 7 2  and Fe : 8 7 2  

complexes. Preliminary studies on small crystals o f  the Cu(II) complex showed the 

formation o f a dinuclear complex in the solid state, through interaction o f  two copper ions 

with four molecules o f  87. Each Cu(II) ion was found to be in a distorted square-pyramidal 

geometry, coordinated by four nitrogen atoms from the two phen  ligands and one oxygen 

atom from the urea moiety o f a neighbour molecule o f  87.

Finally, the influence o f  the metal ion on the binding affinity towards anions was 

investigated, by using spectrophotometric methods such as UV-Visible and fluorescence. 

Analysis o f the tritations o f  the various anions with either C u : 8 7 2  or Fe:8 7 2 , showed the 

formation o f  1:1 adducts between the metal complexes and CH 3 COO', F', and Cl', with
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concomitant enhancement in the emission intensity. The metal induced enhancement on the 

binding affinity, resulting in higher binding constants than those observed tor the simple 

receptor 87 . In addition, a new method for discriminating the nature o f the bound anion 

was devised, as only the addition o f  phosphates, H2PO4' and H2P207^‘, quenched the 

emission intensity.

By increasing the number o f anion binding sites, through self-assembly to higher 

coordination metals, the constmction o f improved anion receptor is expected to be 

achieved. The formation o f self-assembly complexes between 87 and the Eu(Il) metal 

center, and its binding affinity towards anions will be presented and discussed in the next 

chapter.
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5.1 Introduction

Self-assembly has emerged as a new approach in chemical synthesis, nanotechnology, 

polymer science, materials science, and engineering?'^ Novel architectures based on self- 

assembly from structurally defined building blocks are at the centre o f  supramolecular 

c h e m i s t r y . M o l e c u l a r  self-assembly, by definition, is the spontaneous association 

o f  molecules under thermodynamic equilibrium conditions into stable, structurally well 

defined architectures. These are held together by relatively weak, noncovalent interactions, 

such as hydrogen bonding, Van der Waals and hydrophobic-hydrophilic interactions, ionic
$12.18 223bonds (electrostatic interactions), and metal-ligand coordination interactions. 

Metal-ligand interactions are often labile and are mainly o f  electrostatic nature, where the 

structures formed are usually the thermodynamically most stable products. In particular, 

metal-directed self-assembly is emerging as one o f  the most promising approaches to the
224 223generation o f  complex supramolecular architectures. ' Self-assembly has been 

employed in a wide variety o f novel supramolecular architectures including boxes, cages, 

catenanes, dendrimers, gnds, helicates and rotaxanes among others.

5.2 Design of a Eu(III) self-assembly system

The previous chapter dealt with the sensing o f transition metal ions through the self- 

assembly between these metal ions and the phen based ligand 87. However, our interest 

was drawn to the rather fascinating spectroscopic properties exhibited by some lanthanide 

ions (Chapters 1 and 2). Amongst them, lanthanide luminescent systems possess large 

Stokes shifts (relative to biological substances) and long excited state lifetimes, enabling 

the separation o f  the luminescent signal from the background biological autofluorescence. 

As such, lanthanide ion complexes render greater advantages over fluorescence systems 

which can be affected by autofluorescence and light scattering. Due to these properties, 

lanthanide luminescent systems are o f special interest with regards to in vivo 

applications.

Moreover, trivalent lanthanide ions possess relatively high charge densities and have 

strong electrostatic nature in their bonding as well as high coordination numbers, most 

frequently between eight and ten. This offers the opportunity to self-assemble sizeable
cc CO o i n

coordinating units around the metal center as tentatively depicted in Scheme 5.2. ’ ’
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Self-assembly

Scheme 5^: Schematic representation o f the self-assembly process between a lanthanide ion, Ln^^, and a 
random group of ligands

Although possessing all the mentioned advantages, there is a slight drawback when 

using the trivalent lanthanide ions. In order for a lanthanide ion to emit, an excited state 

must first be produced by light excitation. As explained in Chapter 1, due to their low 

extinction coefficients associated with Laporte-forbidden /-/ transitions, direct excitation o f 

a lanthanide ion is very difficult. One way to overcome this disadvantage is by means o f 

indirect excitation, using a sensitising chromophore or antenna, which can transfer its own 

excited state energy onto tlie lanthanide ion, resulting in the production of the desired 

lanthanide emission.

Bearing all this in mind, in order to develop a supramolecular Eu(III) self-assembly 

system the choice o f  both a suitable ligand, or receptor, able to bind the lanthanide ion, as 

well as a suitable antenna is o f extreme importance. Herein, the 1,10-phenanthroline iphen) 

was selected as it can function simultaneously as both the antenna and the receptor unit for 

the lanthanide ions. Scheme 5.2.1. Phen and its derivatives are known to be able to 

populate the Eu(III) excited state (^Dq) and hence promote the lanthanide emission.^^'"^^'* 

Regarding the function as a receptor, or ligand unit, the bidentate phen moiety, and its 

derivatives, are known to play an important role as molecular scaffolds for supramolecular 

assemblies. ’ Since the hard Lewis acidity o f the Ln(III) favours bonding to atoms 

which can act as hard Lewis bases, such as nitrogen and oxygen atoms, the presence o f two 

nitrogen atoms on these bidentate ligands renders them suitable for the bonding o f 

lanthanide ions in an aprotic solvent (Scheme 5.2.1).
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Ligand
Energy Transfer

Self-assembly

Antenna Lanthanide
emission

Lanthanide
emissionhv

Schem e 5 ^ .1 : Schematic representation o f  the sensitisation o f  the Eu(lII) self-assembly complex with phen  
derivatives.

As discussed above, lanthanide ions offer the opportunity to self-assemblc sizeable 

coordinating units around the metal centre (Scheme 5.2). So, by increasing the number o f 

anion binding sites, such as urea moieties, through self-assembly to the high coordinating 

Eu(III), the development o f improved anion receptors would be expected. With this in 

mind, we set out to develop a novel anion sensing self-assembly system based upon 

coordination o f  Eu(III) to the urea based ligand 87, Scheme 5.2.2.

,FC

H

V
O

H

m

Schem e 5.2.2: Schematic representation o f  the self-assembly between Eu(III) and ligand 87 in the formation 
o f  the Eu,,:87m complex.

The following sections detail the synthesis, characterisation and photophysical studies 

o f  the self-assembly system. The binding interactions between such a system and various 

anions will also be discussed.
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5 3  Synthesis and characterisation of the europium complex, Eu:8 ? 3

The synthesis o f complex Eu:8 ? 3  was accomplished by reacting 87 with 0.5 

equivalents o f Eu(III) triflate ((CF3S03)3), in CH3CN. In Scheme 5 3  is shown the 

synthetic approach for the mentioned complex. Being insoluble in CH3CN, receptor 87 

forms a suspension in this solvent. Nevertheless, upon addition o f Eu(Cp3S03)3 a clear 

solution was observed within minutes. The reaction mixture was stirred at room 

temperature overnight. The observed off white precipitate was isolated by filtration, and 

dried under vacuum to produce a bright yellow solid in a modest 28% yield.

CF.
O

N N

MeCN

IN 11

35^

Xt~-y\\

E u i B ? , ;  L n  =  Eu( l l l )

Schem e 5 3 : Synthesis o f  Eu:8?3 complex by reaction o f  87 with Eu(III)(CF3S03)3.

The successful synthesis o f E u :873 was supported by 'h  NMR spectroscopy. It is well 

known that protons in close proximity to the paramagnetic lanthanide ion are influenced by 

the presence o f the unpaired /e lec trons, leading to more efficient relaxation o f the nuclear 

spins and hence broadening o f resonances, as well as shifts in the 'H NMR frequency.^^^
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A lthough Eu(III) did not give rise to large chemical shifts for the formation o f  Eu:8 ?3, 

com plex formation can be pointed out by signal broadening o f  the phen  moiety protons 

m ore closely related with the binding, such as a, b, e and f, due to the presence o f  the 

param agnetic metal center, Figure 5.3.

A nother strong confirmation o f  successfiil complex formation was given by its 

photophysical properties. Although Eu:873 is a yellow solid to the naked eye, it shows an 

intense red colour under the UV lamp, which confirms that the lanthanide ion is being 

strongly sensitized by the ligands.

0 0  c d

S i

4 0  CO O ) CO 
r*. h* (O rsj

OF,

E u

N

T— I— r T- 1----- 1-----1----- T
9.6 9.4 9.2 9.0 8.8 8.6 8.4 8.2 8.0 7.8 7.6

(ppm)

Figure 53: 'H NMR of the lanthanide complex, Eu:87j (600 MHz, df, -  DMSO)

The '^F spectrum, revealed the presence o f  the CF 3 group at -60.56 ppm  as well as a 

resonance at -78.29 ppm  assigned to the triflate [(C p 3 S0 3 )3 ] counter ions. The ESM S also 

showed that complexation had occurred as a typical europium  isotopic distribution pattern 

was observed, as shown in Figure 5.3.1 for the m/z = [M/2] peak.
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648.9
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Figure 5.3.1: Mass spectrum o f  E u:8?3 showing the characteristic europium isotopic distribution pattern for 
the m/z =  [M /2] peak

Successful coordination o f  E u(lll) to the phen  moiety o f  87 was further supported by 

the changes observed in the IR spectrum o f  Eu:873, when compared to that o f  the free 

ligand 87. The bonds in closer proxim ity to the metal coordination site are expected to be
237the most influenced by the complexation process. The out-of-plane bending vibrations 

o f  the hydrogen atoms on the phen decreased from 848 cm  ' and 738 cm '' to 844 cm ' and 

734 cm '', r e s p e c t iv e ly .T h e  bands due to the interactions between ring C=C and C=N 

stretching vibrations o f  the phen  moiety at 1613, 1563, 1505 and 1473 cm '' increased to 

1657, 1605, 1543 and 1485 cm ', respectively, indicating the coordination o f  the Eu(III) 

metal ion through the nitrogens o f  the phen  moiety.

5.4. Determ ination o f  bound water m olecules o f  the lanthanide com plex, Eu:8?3

As discussed in the previous chapters, trivalent lanthanide ions have a high 

coordination num ber requirem ent, usually nine for Eu(III). W henever this requirem ent is 

not fulfilled, any vacant coordination sites are occupied by solvent m olecules such as w ater
52 57 81or coordinating anions. ’ ’ The phenanthroline framework, through its nitrogen atoms, 

provides two coordination sites for the lanthanide ion. Therefore, the three ligands o f  87 in 

Eu:873 will provide in total six coordination sites, which leaves the lanthanide ion
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coordinatively unsaturated. Hence, the remaining binding sites are most likely to be 

occupied by three solvent molecules. In order to determine the number o f these solvent 

molecules, the hydration state, q, was determined by measuring the excited state lifetimes 

(r) o f the complex in H2 O (rH2o) and D2O {imo), by direct excitation o f the Eu(III) at 395 

nm. Values o f 0.33 and 1.83 ms were obtained for the lifetimes in H2O (th2 o) and D2O 

(7'd 2o ), respectively. From these values, and using the modified Horrocks equation 

developed by Parker et al. Equation 2 (Chapter 1) q was determined as 2.6. This 

indicates the presence of ca. three bound water molecules (Table 5.4). This further 

supports the presence o f the 1:3 (EuiSTs) desired supramolecular assembly.

Complex TH 2o(m s) TD2o ( m s ) «r(±0.5)
Eu:87j 0.333 1.825 2.64

Table 5.4.: Measured lifetimes and q value found for the lanthanide complex, EuiSTj.

Having established the above, the next step was to establish the stoichiometry between 

the lanthanide ion and ligand 87 in solution. The following sections will focus on the use o f 

different methods to determine the stoichiometric ratio between Eu(III) and ligand 87, 

Eun:87m, in solution.

5.5 Job’s Method for stoichiometry determination

One of the methods used to determine the stoichiometry involved in the GnHm complex 

formation, is the Job’s method, or method of continuous variation. In this method, a series 

o f solutions of Eu(III) (G) and ligand 87 (H) in CH3CN, were prepared by maintaining the 

total concentration o f [G] + [H] constant at 5 By excitation at 265 nm, the

luminescence emission intensity of these solutions was measured. The intensity recorded at 

616 nm (J = 2 band) was then plotted as a Sanction o f the mole fraction, f  = [G]/([G]+[H]), 

Figure 5.5. The value at the extreme, a maximum in the present case,/max, is related to the 

complexation stoichiometry according to the Equation 5.5.̂ *̂

m/n /max /  (1 " /m ax) Equation 5.5
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So, the presence o f  a m aximum  at fmax = 0.25 is indicative o f  the formation o f a 

com plex with composition G i:H 3 (EuiiSTa) as m/n = 0.25/(l -  0.25) = 1/3 implying that n 

= 1 and m = 3.

400 1
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300
Ec
to 250
to
(D 200>.
c 1500>
c

100

50

0 i
0.00 0.10 0.20 0.30 0.40 0.50 0.60

[G]/([G1+[H])
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F ig u re  5.5: Job ’s p lo t for the determ ination o f  the com plex G„:Hn, stoichiom etry betw een Eu(III) (G) and 87 
(L). C hanges in the lum inescence em ission intensity at 616 nm as a function o f  the guest m ole fraction, 
[G ]/([G ]+[H ]) in CH3CN, upon excitation at 265 nm. Total co nca itra tion  [G] + [H] m aintained constant at 
5nM.

5.6 Photophysical studies of receptor 87 with Eu(III)

The formation and stability o f  the self-assembly com plexes formed between Eu(III) and 

ligand 87, Eun:87m, was investigated, through photophysical measurem ents, by titrating a 

stock solution o f  87 (10 |aM) with a solution o f  Eu(CF 3 S0 3 ) 3  in CH 3 CN under ambient 

conditions. However, a minimum  amount o f  DM SO (< 0.1% ) had to be used in the 

preparation o f  the stock solution o f  receptor 87, in order to maximize the solubility o f this 

receptor in CH 3 CN. The same solutions were used for both the UV-visible and 

luminescence (fluorescence and lanthanide luminescence) m easurements.

5.6.1 UV-Visible absorption studies

As discussed in the previous chapter, the spectrum o f  the free ligand 87 shows the 

presence o f  a band centred at 265 nm , assigned to the x - t t *  transition o f  the phen  moiety.
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and a broad shoulder centred at around 320 nm. The changes in the absorption spectra 

obtained during the course o f the titration o f 87 with Eu(III) are presented in Figure 5.6.1.
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F igu re  5.6.1: Changes on the absotption spectra o f  87 (10 |iM ) upon addition o f  Eu(CFjSOj)i. Insert: The 
changes in absorbance at 263 nm as a function o f  equivalents o f  Eu(III).

As can be observed, upon addition o f  Eu(III), three distinct isosbestic points at 280 nm, 

300 nm, and 323 nm were formed. The band centred at 265 nm also experienced a 

hypsochromic shift to 260 nm, while the shoulder centred at 320 nm experienced 

essentially the same 5 nm shift towards the red to 325 nm. Similar 5 nm hypsochromic shift 

has been previously observed for the interaction o f  Cu(II) with 87 (Chapter 4). Also, 

comparable hypsochromic shifts have previously been reported for the interactions o f 

cations with A^-monoaza-15-crown-5 derivatives, and have been ascribed to the interaction 

o f  the lone pair o f the nitrogen atoms with the cations.^^^ The profile o f the number o f  

equivalents o f Eu(III) added as a fiinction o f  the changes in the absorbance, clearly 

indicated the formation o f  a complex with 1:3 (Eu:873) stoichiometry, as no changes were 

observed beyond the addition o f  0.33 equivalents o f  the trivalent lanthanide ion. Figure 

5.6.1 insert.
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5.6.2 Fluorescence studies

The fluorescence changes observed upon addition of Eu(III) were followed by exciting 

the sample at both 265 nm and 320 nm. A fluorescent band centred at 422 nm was 

observed upon excitation at both these wavelengths. The emission intensity was ‘‘"switched 

o f f  by 33% in the presence o f the lanthanide, as can be observed in Figure 5.6.2. The 

insert in Figure 5.6.2 shows the changes in emission intensity at 422 nm versus the number 

o f  equivalents o f Eu(lII) added. This supports the 1:3 (Eu:873) stoichiometry, observed 

above for the absorption titration.
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Figure 5.62: Changes in the fluorescence emission spectra o f  87 (10 |iM ) upon addition o f  Eu(CF3S03)3, in 
CH3CN when exciting at 320 nm. Insert: The changes in emission intensity at 422 nm as a function o f  
equivalents o f  Eu(III).

The quenching o f the fluorescence is a direct consequence o f the complexation o f  the 

metal ion at the phen  moiety. It is likely that this coordination provides an additional 

pathway for the quenching o f  87 based luminescence, for instance by providing additional 

vibrational pathways for deactivation o f the excited state. Due to the presence o f the 

Eu(III) ion, the quenching o f  the fluorescence can indicate energy transfer from the 

antenna, via the triplet excited state, to the Eu(IlI) excited state giving rise to the 

characteristic Eu(III) emission, which will be discussed in the next section.
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5.6.3 Lanthanide lum inescence studies

The lanthanide luminescence changes were also investigated during the course o f  the 

titration by exciting at both 265 nm and 320 nm, which gave rise to sim ilar results. The 

family o f  spectra obtained upon gradual additions o f  Eu(III) to a solution o f  87, when 

exciting at 265 nm, are presented in Figure 5.6.3. As expected, in the absence o f  the 

lanthanide metal centre, Ln(III), 87 does not exhibit long wavelength emission. However, 

upon addition o f  Eu(III) the lanthanide emission was clearly observed, proving the 

sensitisation process occurring from the antenna.
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Figure 5 .6 3 : Changes in the lanthanide luminescence emission spectra o f  87 (10 |iM) upon addition o f 
Eu(CF3S0 3 )j when exciting at 265 nm. Insert; The changes in the lanthanide emission intensity at 616 nm as 
a function of equivalents o f Eu(III).

The emission spectrum showed the characteristic Eu(III) bands at 594, 616, 652, and 

700 nm. Figure 5.6.3. These bands correspond to the deactivation o f  the ^Do excited state 

to the lower lying ground state levels (^Do ^  i, ^Do —»■ ^F2 , ^Do —̂  ^F3 , and ^Dq ^  ^F4  

transitions, respectively), giving rise to the red luminescence o f  Eu(III).^'" The fact that 

such emission is being observed shows that the phen  ligand, 87, is able to work as a 

sensitiser for Eu(IlI), which clearly indicates the formation o f  a com plex between Eu(IIl) 

and 87. Although any o f  the bands can be used to analyse the data, the band at 616 nm {J = 

2 band) was used as it gave rise to the largest emission intensity. This was expected, since 

the J  = 2 band is known to be very sensitive to changes in the coordination environm ent o f
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the metal The insert in Figure 5.6.3 shows the changes in the emission

intensity at 616 nm {J = 2 band) up to the addition o f  0.33 equivalents o f  Eu(III), after 

which only m inor changes were observed in the emission spectra. Furtherm ore, since the 

lanthanide emission intensity reached its maximum at 0.33 equivalents o f  Eu(III) added, it 

also demonstrates the form ation o f  the self-assembly complex with a stoichiom etry o f  1 ;3 

(Eu:873) between Eu(III) and the phen ligand.

5.6.4 Stability constants, log for the form ation o f  Eu:8 ? 3

From the changes observed from the UV-Visible, fluorescence, and lanthanide 

luminescence titrations, stability constants for the formation o f  the self-assem bly complex 

Eu:873 were obtained using the nonlinear least-squares regression analysis program 

SPECFIT. The com plexation m echanism  for the formation o f  Eu:873 can be expressed by 

the three equilibrium steps described in Equations 5.6.4.1, 5.6.4.2 and 5.6.4.3, 

corresponding to the formation o f  Eu:87, Eu:8 ? 2 , and Eu:873, respectively.

Eu^+ + L [Eu:L]^+ Equation 5.6.4.1

^ 1:2

[Eu:L]3++L  ?T [EuiLj]^^ Equation S.6.4.2

[Eu:L2]^ ^+ L  ------- [Eu:Lj]^+ Equation S.6.4.3

The binding constants for each o f  these steps were determined by  fitting the 

experimental data to the Eu:87, E u : 8 7 2  and Eu:8 ? 3  complexation model. The m odel used 

fitted well to the experimental data, as shown in Figure 5.6.4 for the UV-visible titration. 

From  the fits, relatively weak binding constants o f  log K  ~ A were determined for the 1:1 

(Eu:87) and the 1:2 (Eu:8 7 2 ) stoichiom etries, while stronger binding constants o f  log K ~  6 

were found for the 1:3 (Eu:873) stoichiometry. Table 5.6.4. As can be observed, the values 

found are in good agreement between those determined from the UV-visible data and those 

obtained from the emission studies (Table 5.6.4). As expected, the Eu:873 com plex shows 

the higher binding constant implying that Eu:873 is the most stable species in solution.
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Figure 5.6.4; Experimental binding isotherm for the UV-Visible titration o f  Eu:873 (4 |iM ) with Eu(III) (0 —> 
3.82 /iM) in CH3CN, and the corresponding fit at 263 nm obtained using SPECFIT.

Metal:87 Technique Species (Eu:87m) log Â „:m
Std. Deviation 

(±)
Eu:87 3.86 0.012

Absorbance Eu:8?2 3.68 0.016
Eu:873 5.92 0.031
Eu:87 3.88 0.008

Eu(III):87 Fluorescence Eu:87z 3.60 0.016
E u:873 5.90 0.024
Eu:87 3.61 0.011

Phosphorescence E u:872 3.67 0.016
E u:873 6.02 0.017

Table 5.6.4; Binding constants and binding modes between Eu(III) and 87.

Once the stoichiometry o f  the complex in solution had been established, the binding 

ability o f  Eu:8?3 system towards anions was investigated. The binding modes and binding 

constants determined for the titrations with the various anions will be discussed in the 

following sections.

5.7 Anion sensing by Eu:8?3

The sensitised lanthanide emission (hVem) is achieved when the antenna 87 transfers its 

energy through the triplet excited state to the ^Do excited state o f  the Eu(III) ion. Hence,
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any perturbation on the system, such as anion recognition, would lead to the modulation o f 

the lanthanide emission (hv ' em) ,  as shown in Scheme 5.7.

Energy Transfer Energy Transferanion

an ion

hv

S chem e 5.7: Modulation o f  the Eu(IIl) emission upon anion recognition.

The supramolecular complex Eu:873 possesses three urea moieties, which makes it a 

promising sensor for anionic species, as tentatively depicted in Scheme 5.7.1.

solvent

\ solventH
\ EuN

N ✓  >
-  M

solvent

Schem e 5.7.1: Schematic illustration o f  the proposed anion binding sites within sensor Eu:873.

Each one o f these urea moieties can bind individually to a particular anion, or 

depending on the orientation o f  the three molecules o f 87 around the metal centre, there is 

also the possibility o f  cooperation between these urea moieties.'"*^ In addition, the anion

181



Chapter 5 -  Anion sensing using a Eu(III) induced supramolecular self-assembly architecture

can interact directly with the lanthanide ion through displacement o f the solvent molecules. 

Also possible would be the displacement o f the phen based antenna by competitive anions. 

Lanthanide based sensing devices, triggered by displacement assays, have received 

considerable attention in the past few years.

Studies carried out in CH 3CN on Eu(III) and Tb(III) complexes o f the pentadentate 

ligand, Ln:88, revealed that the introduction o f several anions (such as Cl', F', and NO 3 ') 

led to an increase o f  the luminescence intensity o f the metal complex, which was ascribed 

to the displacement o f solvent molecules from the Ln(III) coordination by competing 

anions, and changes in the coordination o f the bipy moieties.

p = o

Ln;90

The presence o f  two distinct binding sites (urea moieties and Eu(Ill) solvent 

coordinated molecules) in EuiSTj provides this system with a great versatility for anion 

recognition.

5 .7.1 Photophysical studies of Eu:873 complex towards binding with anions

The formation and stability o f  the complexes formed between the anions (G) and the 

sensor (H), Eu:8?3, were investigated by carrying out titrations on a stock solution o f  

Eu:8?3 (4 |iM ) with gradual additions o f different anion solutions, as their 

tetrabutylammonium salts (TBA^), in CH 3 CN. However, a minimum amount o f  DMSO (< 

0.1%) had to be used in the preparation o f  the stock solution o f Eu:8?3, in order to 

maximize the solubility o f the sensor in CH3 CN. This Eu(III) complex was found to be 

very stable in solution over a long period o f  time.

In Figure 5.7.1 are shown the observed spectra for absorption (black line), fluorescence 

(blue line), and lanthanide luminescence (red line). Both the fluorescence and 

phosphorescence shown were obtained upon excitation at 260 nm. The absorption spectrum
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o f  E u :8 ? 3  (4 (iM) in CH 3 CN, exhibited a main band centred at 260 nm, and two broad 

shoulders centred at 292 and 325 nm. W hen exciting at these wavelengths, a broad 

emission band centred at 420 nm was observed for the fluorescence. Regarding the 

lanthanide luminescence, the emission spectrum o f  Eu:873 showed the characteristic 

Eu(IlI) bands at 580 ( J  = 0), 591 {J =  1), 612 ( J  =  2), 652 (J  =  3), and 700 {J = 4) nm. 

Figure 5.7.
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F igure 5.7.1: Absorption (black), Fluorescence (blue), and Phosphorescence (red) spcctra o f  E u:8?3 in 
CHjCN. The fluorescence em ission intensity was divided by a factor o f  800 and the phosphorescence by a 
factor o f  1300, in order to compare all the three spectra in the sam e graph.

The changes in the UV-Visible spectra, fluorescence emission, and lanthanide 

luminescence o f  Eu:873 upon addition o f  various anions, such as acetate (CH 3COO ), 

dihydrogenphosphate (H 2 PO 4  ), fluoride (F ), chloride (Cl ), brom ide (Br ) and iodide (I ), 

were examined. The results from these investigations will be discussed in the following 

sections.

5.7.2 Changes in the absorption spectra o f Eu:873 upon anion recognition

The family o f  spectra showing the changes in absorption o f  Eu:873 upon addition o f  

C H 3 CO O' are shown in Figure 5.7.2. The band centred at 260 nm experienced an increase 

in the absorbance, accom panied by a bathochromic shift to 265 nm, while both the 

shoulders at 292 nm and 325 nm  experienced a decrease in the absorbance. These changes 

were accompanied by the formation o f  a clear isosbestic point at 280 nm. The insert in
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Figure 5.7.2 shows the changes occurring at 292 nm versus the number o f equivalents of 

CH3 COO', which clearly demonstrates that the major changes are taking place upon 

addition of two equivalents o f CH3 COO . Following further addition o f anion, the changes 

are less noticeable and occur up to the addition of three equivalents of CH3 COO', after 

which no more changes were observed. Such results are indicative o f a 3:1 (GsiH) binding 

interaction between the guest CH3 COO' (G) and the host Eu:8 ? 3  (H), which was expected 

due to the presence o f the three urea moieties within the host self-assembly complex.
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Figure 5.7.2: Changes in the absorption spectra o f  Eu:873 (4 ^M ) upon addition o f  CHsCOO' (0 —► 16.10 
fJ-M). Insert: The changes in absorbance at 292 nm as a flinction o f  equivalents o fC H 3COO'.

However, nonlinear least-squares fitting of the titration data, using the SPECFIT 

program, indicated the occurrence o f only two binding interactions. The best fit to the 

experimental data was obtained when taking into account the 1:1 (G:H) and 2:1 (G2 :H) 

binding interactions between CH3 COO' (G) and Eu:8 ? 3  (H), Figure 5.7.2.1. From this, 

binding constants o f log Â i:i = 6.23 ± 0.26 and log K2:\ = 6.17 ± 0.17 were determined, 

Table 5.7.2. As can be observed in the speciation diagram, insert in Figure 5.7.2.1, the 

G:H complex forms in ca. 35% upon addition of one equivalent of CH3 COO', after which 

the G2 :H becomes the predominant species in solution. The absence of the 3:1 (G3 :H) 

binding interaction could possibly be attributed to the fact that such interaction is weak, as
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expected by the small changes observed in the titration profile between 2-^-3 equivalents 

of CH3COO', hence not perceived by the fitting program.

1000.25
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•  data
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2.00 2.50 3.00 3.50 4.000.00 0.50 1.00 1.50
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F ig u re  5 .7 .2 .1 : Experim ental b ind ing isotherm  for the U V -V is ib le  titration o f E u : 8 7 j  (4 |iM ) w ith C H 3 C O O ' 
(0  —► 16.10 /xM) in C H jC N  and the corresponding fit at 2 9 0  nm  obtained using SPE C F IT . Insert: T he  
speciation distribution diagram ; H refers to the host E u:873, and G to the gu est anion. CH 3 C O O '.

Another anion following a similar binding model to that described above was F". The 

family o f spectra showing the changes in absorption of Eu:8?3 upon addition of F‘ are 

shown in Figure 5.7.2.2. In comparison with CH3 COO', the band at ca. 260 nm also 

experienced a shift to ca. 265 nm. However, the isosbestic point observed at ca. 280 nm 

was not as clear as previously observed for CH3COO'. The insert in Figure S.7.2.2 shows 

the changes occurring at 292 nm versus the number of equivalents of F', which once again 

clearly demonstrate that the major changes are taking place up to the addition of two 

equivalents of F", after which the changes are only minimal. However, in this case, the 

changes occurring over the addition of two equivalents of F' are much more abrupt, 

showing no curvature in the titration profile shown in the insert of Figure 5.7.2.2, from 

which stronger binding constants can be anticipated. Hence, similarly to the previous 

anion, this can possibly indicate the formation of strong 1:1 (G:H) and 2:1 (G2 ;H) binding 

interactions between F‘ and Eu:873.
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F igure 5.7 .2 .2: Changes in the absorption spectra o f  E u:87j (4 (iM) upon addition o f  F' (0 —> 18.00 ^tM). 
Insert; The changes in absorbance at 292 nm as a function o f  equivalents o f  F'.

Once again, only the formation o f the G:H and G2:H species were observed when 

fitting the absorption data, using the SPECFIT program. The obtained fit to the 

experimental data and corresponding speciation distribution diagram are presented in 

Figure 5.7.2.3.
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F igure 5 .7 .2 3 :  Experimental binding isotherm for the U V -V isible titration o f  E u :87j (4 nM ) with F‘ (0 —> 
18.00 ^M ) in CH3CN and the corresponding fit obtained using SPECFIT. Insert: The speciation distribution 
diagram; H refers to the host E u .8 7 3 , w hile G refers to the guest anion, F'.
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In this particular case, the G:H complex forms in ca. 40% upon addition o f one 

equivalent of F", after which, the G2 :H complex becomes the predominant species in 

solution. As mentioned above, by the very steep shape o f the binding profile, high binding 

constants were anticipated. In fact, binding constants o f log Â i:i > 7 and log K2 -\ = 6.97 ± 

0.27 were determined for the binding interaction o f F' with the Eu(III) complex. Table 

5.7.2.

By looking at the binding towards bigger spherical anions, such as C1‘, a similar 

behavior to that o f  CH3COO' and F' was observed. Yet again the major changes in 

absorbance were found to occur upon addition o f two equivalents o f anion. The changes in 

the absorption spectra o f Eu:873 upon addition o f Cl' are shown in Figure 5.7.2.4. As can 

be observed, upon anion recognition, the band at ca. 260 nm was shifted to ca. 263 nm 

with the concomitant formation of an isosbestic point at 259 nm. The insert in Figure 

5.7.2.4 shows the changes at 250 nm versus the number o f equivalents of Cl". As observed 

for CH3COO' and F', the main changes also occurred upon addition o f two equivalents o f 

C r. Binding constants o f log = 5.67 ± 0.28 and log Â 2 :i = 5.46 ± 0.16 were determined, 

when fitting the titi'ation data using the program SPECFIT. These values were found to be 

smaller than those previously determined for CH 3COO and F (Table 5.7.2).

237 247 257 267 277 287 297 307 317 327 337 347 357 367 377 387
Wavelength [nm]

Figure 5.7.2.4: Changes in the absorption spectra o f  Eu:87j (4 nM) upon addition o f  Cl' (0 —> 16.10 îM). 
Insert: The changes in absorbance at 250 nm as a function o f  equivalents o f  C1‘.
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The changes in the absorption spectra o f Eu:873 upon addition of both Br' and I' were 

found to be the smallest among the anions studied, as can be observed in Figure S.7.2.5 

and Figure S.7.2.6 for the titration of Eu:873 with Br’ and T, respectively. These results 

were expected, as such anions are known to be non-coordinating with urea based 

receptors.^^ The bigger changes observed at ca. 250 nm for the titration with I", Figure 

5.7.2.6, are related to the absorbance of this anion in this region o f the spectrum. For these 

reasons we were unable to determine the binding constants involved in the interaction of 

Br' and I' with Eu:873.
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Figure 5 .7 .23: Changes in the absorption spectra o f  Eu:87j (4 ^M) upon addition o f  Br' (0 —>• 16.00 ^M).
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Figure S.7.2.6: Changes in the absorption spectra o f  Eu:87,i (4 ^M) upon addition o f  F (0 —► 19.90 ^iM).

188



Chapter 5 -  Anion sensing using a Eu(III) induced supramolecular self-assembly architecture

The titration of Eu:873 with H2 PO4 ' showed interesting and somewhat unexpected 

results. The changes in the absorption spectra of Eu:873 upon addition of H2 PO4 ' are 

shown in Figure S.7.2.7. As can be observed, the major changes occurred at the ca. 260 nm 

and ca. 292 nm bands, while only minor changes were observed at longer wavelengths.
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Figure S.7.2.7: Changes in the absorption .spectra o f  EuiSTj (4 (jM) upon addition o f  H 2 PO 4  (0 ^  19.90 
/zM). Insert: The changes in absorbance at 292 nm as a function o f  equivalents o f  H2 PO 4 .

The insert in Figure 5.1.2.1 shows the changes taking place at 292 nm as a function of 

the equivalents of H2 PO4 '. Although, in this case, the major changes also occur upon 

addition of two equivalents of H2 PO4 ', there is a striking difference between these changes 

and those seen for the anions discussed above. In the present case, the results obtained 

indicate the formation of a 1 ;2 complex between the anion and the host, G:H2 . As can be 

seen in Figure S.7.2.8, the band at ca. 260 nm was observed to decrease upon addition of 

H2 PO4  accompanied by a bathochromic shift. However, the band at ca. 292 nm 

experienced an initial increase upon addition of 0.5 equivalents of anion, which can 

possibly be attributed to the formation of a 1:2 (G:H2 ) complex between H2 PO4 ' and 

Eu:873. This was followed by a decrease in the absorbance upon ftirther addition of H2 PO4 ' 

(0.5 ^  1.2 equivalents), which is most likely associated with the formation of the 1:1 

(G:H) complex. The bigger changes were nevertheless experienced between the addition of 

ca. 1.4 ^  2.4 equivalents of H2 PO4 ' (Figure S.7.2.8) indicating the possible formation o f a
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2:1 (G2 ;H). However, additional changes were observed upon further addition of H2 PO4 ' (2 

—» 5 equivalents), which once again are indicative of the 3:1 (G3 :H) binding interactions in 

solution (Figure 5.12.1  and Figure 5.7.2.8).
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Figure 5.7.2.S.: Fraction o f  the absorption spectra recorded upon addition o f  different equivalents o f  H2P0 4 ' 
(0 —► 19.90 /iM) to a solution o f  EuiSTj.

The binding constants, log K  for these changes, were determined by fitting the titration 

data using the SPECFIT program. The best fit was obtained taking into account the 1:1 

(G:H), 1:2 (G:H2 ), 2:1 (G2 :H) and 2:2 (G2 :H2 ) binding interactions between Eu:873 and 

H2 P0 4 ‘, Figure S.7.2.9. Once again we were unable to fit for the possible 3:1 (G3 :H) 

binding interaction. From this fit, values o f log A'l i > 7, log K\a = 5.44 ± 0.39, log K2.\ = 

5.55 ± 0.32, and log K2 2  = 5.74 ± 0.89 were determined (Table 5.7.2). The high error 

associated with binding constant for G2 :H2 can be overlooked, as this species, although 

contributing for the binding process is present in solution in a very small concentration 

(insert in Figure S.7.2.9). The predominant species in solution correspond to the formation 

o f the 1:1 (G:H) and the 2:1 (G2 :H) binding interactions respectively, as shown in the 

speciation distribution diagram inserted in Figure 5.7.2.9.
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Figure S . 1 2 . 9 :  Experimental binding isotherm for the UV-Visible titration o f  Eu:87j (4 ^M) with H2 PO4 ' in 
CHjCN and corresponding fit from SPECFIT. Insert shows the Speciation diagram. H refers to the host 
Eu:873, while G refers to the guest anion, H2PO4'.

In Table 5.7.2 are summarised the obtained binding constants, using the SPECFIT 

program, for all the absorption titrations ofE u:873 with the various anions.

Technique Anion (G) Species (Gn:Hm) log Â n;m
Std. 

Deviation (±)

CH3COO G:H
GzrH

6.23
6.17

0.26
0.17

F' G:H > 7 (7.25) 0.24
G 2:H 6.97 0 .2 0

Cl G:H 5.67 0.28

Absorbance G 2:H 5.46 0.16
Br - - -

I - - -

G:H > 7 (7 .1 7 ) 0.15

H2PO4
G:H 2
G 2:H

5.44
5.55

0.39
0.32

G 2: H 2 5.75 0.89*

Table 5.7.2: Binding constants and binding modes between the different anions (G) and Eu:873 (H) for the 
UV-Visible titration. * Species present in solution in less than 10% formation.

In summary, the absorption studies gave rise to interesting results for the binding 

interactions o f  the various anions to Eu:873. Here, high binding constants were determined 

for the 1:1 and 2:1 interactions with anions such as CH3COO , H2PO4", F' and Cl'. Although
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changes were observed for the addition o f ca. three equivalents of anion, we were unable to 

fit for the possible 3:1 (G3 :H) interaction. This can possibly be attributed to either the small 

changes induced by this species or a weak interaction between a third anion and Eu:8?3. 

For Br" and T the changes observed were too small to allow for an accurate determination 

o f the binding constants using the SPECFIT program. To better understand these binding 

interactions, the fluorescence emission was also followed, and the obtained results will be 

discussed in the following section.

5.7.3 Changes in the fluorescence emission spectra of Eu:8?3 upon anion recognition

The fluorescence emission o f Eu:873 was also monitored upon addition o f the various 

anions, following excitation at both the 260 nm and the 330 nm transitions. Similar results 

were obtained on both occasions. Upon addition of CH3 COO’, F', C1‘, B r, and 1 the 

fluorescence emission intensity was enhanced (by ca. 62%, 58%, 34%, 10%, and 16%, 

respectively). Although H2 P0 4 ’ was also observed to enhance the fluorescence emission, its 

behaviour was somewhat different from the anions mentioned, and therefore will be 

discussed later within this section.

The changes in the fluorescence emission spectra o f Eu:8?3 upon addition of CH3 COO' 

are presented in Figure 5.7 J .

800
800 

E 700
O 600
5 ! 500 
@ 400 
S 300 

200

700

600

3  500

£  400

f  300 OQ CH3COO

200

100

350 370 390 410 430 450 470 490 510 530 550 570 590
Wavelength [nm]

Figure 5 .7 3 : Changes in the fluorescence emission spectra o fE u :87j (4 |iM ) upon addition ofCH jCO O ’ (0 
—► 16.10 /^M), in CHjCN when exciting at 266 nm. Insert: The changes in emission intensity at 420 nm as a 
function o f  equivalents o f  CH3COO'.
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In com parison to the ground state studies, the insert in Figure 5.7.3 clearly shows that 

the changes in the emission intensity at 420 nm occur upon addition o f  three equivalents o f  

C H 3COO', which, once again, is indicative o f  the 3:1 (G 3 ;H) binding stoichiom etry 

between CH 3 CO O' (G) and Eu:8 ? 3  (H). As previously m entioned, due to the presence o f  

the three urea moieties, interaction o f  various anions with EuiSTj was expected to give rise 

to the formation o f the 1:1 (G:H), 2:1 (G 2 :H) and 3:1 (G 3 :H) complexes, and hence give 

rise to three binding constants (ATi i, K 2 \ and Ky\,  respectively). However, fitting the 

changes in the fluorescence emission, observed upon titration with CH 3 COO', indicated the 

occurrence o f  only two binding interactions. The best fit to the experim ental data was 

obtained by taking into account the 1:1 (G:H) and 2:1 (G 2 :H) binding interactions between 

CH 3 CO O' (G) and Eu:8 ? 3  (H), Figure 5.7.3.1. From this, binding constants o f  log Â i i = 

6.29 ± 0 . 1 6  and log K 2 -\ = 5.71 ± 0.12 were determined. Table 5.7.3. The log ATi i was 

found to be higher than that determined for the metal free sensor 87, log ATi i = 5.19, 

(Chapter 4, Table 4.4). The obtained speciation distribution diagram is shown in insert 

Figure 5.7.3.1. These results were found to be in good agreement with those from the 

ground state investigations (Table 5.7.2). Once again, the reason associated with the 

impossibility to fit for the 3:1 (G 3 :H) stoichiometry is not clear at this stage. However, as 

previously m entioned for the ground state studies, this can possibly be attributed to the 

w eak formation o f  such species, and hence not in the detection range o f  the fitting program 

used.
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Figure 5 .7 J .1 : Experimental binding isotherm for the fluorescence titration o f  Eu:8?3 (4 ^M ) with 
CH3COO' in CH3CN and corresponding fit using SPECFIT. Insert: Speciation distribution diagram; H refers 
to Eu:873, and G to CH3COO'.
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The fluorescence emission spectra o f EurSTs upon addition o f  F" showed similar 

changes to those discussed above for CH3COO', Figure S.7.3.2.
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Figure 5.7J .2 : Changes in the fluorescence emission spectra o f  Eu:87j (4 |iM) upon addition o f  F' (0 —► 
18.00 ^M), in CHjCN when exciting at 266 nm. Insert: The changes in emission intensity at 420 nm as a 
function o f  equivalents o f  F'.

Once again, the changes in the emission intensity at 420 nm indicated the possible 3:1 

(GsiH) stoichiometry, insert Figure 5 .7J.2. In this case, and in contrast to what has been 

observed so far, the best fit to the fluorescence titration data was obtained by taking into 

account the 3:1 (G3 :H) stoichiometry. Figure S.7.3.3. From this, binding constants o f  log 

Â i i > 7, log Ki:\ = 6.46 ± 0.23 and log K ,̂\ = 3.76 ± 0.83 were determined, Table 5 .73 . 

The large error associated with the formation o f  the 3:1 stoichiometry can be attributed to 

the low percentage formation (< 5%) o f  this species in solution (insert in Figure S.7.3.3), 

which is consistent with the explanation given above for the absence o f  such stoichiometry 

in the previous fittings. From the speciation distribution diagram, insert in Figure 5.7.3 J ,  

it is also clear that an initial addition o f  F' leads to the formation o f  the 1:1 (G:H) complex, 

after which the 2 : 1  (G2 :H) species begins to dominate and eventually becomes the 

predominant species in solution.

The values for the binding constants were found to be in good agreement with those 

determined firom the ground state investigations (1:1 and 2:1 binding interactions). Table
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5.7.2. In addition, these values were found to be much higher than those obtained for the 

interaction o f  F' with 87 (Chapter 4, Table 4.4).
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Figure 5 .1 3 3 :  Experimental binding isotherm for the fluorescence titration o f  Eu:873 (4 |iM ) with F' in 
CHjCN, and corresponding fit using SPECFIT. Insert: Speciation distribution diagram; H refers to Eu:8 ? 3 , 
and G refers to F’.

For Cr, the emission intensity enhancement (34%) was observed to be less significant 

than those discussed above for both CH3COO' and F'. The changes in the fluorescence 

emission spectra o f  Eu:873 upon addition o f  Cl" are shown in Figure S.7.3.4.
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Figure S.7.3.4: Changes in the fluorescence emission spectra o f  Eu:87j (4 |iM) upon addition o f  Cl' (0 —>■ 
16.10 /xM), in CH3 CN when exciting at 266 nm. Insert: The changes in emission intensity at 460 nm as a 
function o f  equivalents o f  Cl'.
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Once again, while the titration profile shows changes occurring up to the addition o f 

three equivalents o f Cl', insert in Figure 5.7.3.4, the fitting o f  the fluorescence emission 

changes indicated the occurrence o f only two binding interactions. The best fit to the 

experimental data was obtained by taking into account the 1:1 (G:H) and 2:1 (G 2 :H) 

binding interactions between Cl' (G) and Eu:8?3 (H), Figure S.7.3.5. From this, binding 

constants o f  log Â i:i = 5.90 ± 0.17 and log K 2 .\ = 5.45 ± 0.22 were determined. Table 5.7.3. 

These results were found to be in good agreement with those from the ground state 

investigations (Table 5.7.2). The log ATi i was found to be much higher than that 

determined for the metal fi'ee sensor 87, log Â i i = 3.84, (Chapter 4, Table 4.4). The 

obtained speciation distribution diagram is shown in the insert in Figure 5.7.3.5, and shows 

the 2:1 (G2 :H) as the predominant stoichiometry in solution after the addition o f  ca. 2 

equivalents ofCT.
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Figure S.13S '. Experimental binding isotiierm for the fluorescence titration o f  Eu:87j (4 |iM) with Cl' in 
CH3CN and corresponding fit using SPECFIT. Insert: The speciation distribution diagram; H refers to the 
host Eu:87j, while G refers to the guest anion, CT.

The changes in the emission intensity o f  Eu:873 upon addition o f either Br‘ or F were 

found to be the smallest among the anions studied (enhancements o f 10% and 16%, 

respectively), as shown in Figure 5.7.3.6 for the titration with Br'.^^ For this reason, and 

similarly to the absorption studies, it was not possible to determine reliable binding 

constants for the interaction o f  these anions with Eu:873.
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Figure 5 .73 .6: Changes in the fluorescence emission spectra o f  Eu:87j (4 (xM) upon addition o fB r  (0 —► 
16.00 /iM), in CH3CN when exciting at 266 nm.

The changes in the fluorescence emission spectra of Eu:8 ? 3  upon addition of H2 PO4 ' 

are depicted in Figure 5.13.1. Similarly to the results obtained from the absorption 

investigations, the fluorescence titration with H2 PO4 ' also showed distinct binding 

interactions. Analysing the titration profile of the changes in the emission intensity as a 

function of equivalents of H2 PO4 ', insert in Figure 5.7.3.7, it can clearly be seen that 

initially, from 0 —>• 0.5 equivalents of H2 P0 4 ', the emission intensity was reduced by ca. 

20%, which suggests the 1:2 (G:H2 ) interaction between H2 PO4 ' (G) and Eu:873 (H). 

Subsequently, upon further addition of anion (0.5 ^  ca. 3 equivalents of H2 PO4  ), the 

emission intensity was considerably enhanced. These changes are indicative of the 

expected formation of the 1:1 (G:H), 2:1 (G2 :H) and 3:1 (G3 :H) stoichiometries in solution 

for the binding interactions of H2 P0 4 ' to Eu:873, giving rise to the corresponding log Âi i, 

log K2:\ and log Ki,\ binding constants, representing the stepwise binding of a single 

H2 PO4 ' to each one of the three urea moieties present in Eu:873.
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Figure 5 J 3 .1 :  Changes in the fluorescence emission spectra o f  Eu:87j (4 nM) upon addition o f  H2 P0 4 ' (0 
—► 19.90 /iM). Insert: The changes in emission intensity at 420 nmas a  function o f  equivalents o f  H2 P0 4 '.

In agreement with the absorption studies, when fitting the data using the SPECFIT  

program the 3:1 (GsiH) was not observed, which as previously discussed can be attributed 

to the very small percentage formation o f  this species in solution. The titration data was 

fitted according to the model involving the 1:1 (G:H), 1:2 (G:H 2 ), 2:1 (G 2 :H), and 2:2 (G 2 : 

H2 ) binding interactions. As can be observed in F igure S .7.3.8, the model fitted w ell with 

the experimental data.
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Figure 5.73.8: Experimental binding isotherm for the fluorescence titration o f  Eu:87j (4 (iM) with H2 ? 0 4 ' in 
CH;,CN, and corresponding fit using SPECFIT. Insert: Speciation distribution diagram; H refers to Eu:87j, 
and G to H2 PO4 '.
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From this fit, binding constants o f log K \-2 = 5.71 ± 0.36, log Â2:i = 6.70 ± 0.31 and log 

K22  ^  5.87 ± 0.90 were determined. Table 5.7.3. These binding constants carry a 

significant error as the 1:1 binding stoichiometry, from which log Kyj  and log Ki x are 

derived, was found to be higher than seven (log K\ \ > 1) and hence too high to be 

determined accurately using the SPECFIT program. As can be observed in the speciation 

distribution diagram, insert in Figure 5.7.3.8, the 2:2 binding stoichiometry forms in less 

than 10% {ca. 4%), which accounts for the high error associated with this binding constant. 

The insert in Figure 5 .73 .8  clearly shows that after the addition o f ca. 2 equivalents o f 

H2PO4' the G2:H complex becomes the dominant species in solution. In comparison to the 

binding interaction o f the free sensor 87 with H2P0 4 ' (log K\-\ = 4.35, Chapter 4, Table 

4.4) the log Â i i for the interaction o f Eu:873 with H2PO4' was found to be much higher 

(Table 5.7 J).

Summarised in Table 5.7.3 are the results o f all the binding constants, log K, and 

associated binding modes, obtained for the fluorescence titrations carried out on Eu:873 

with the various anions.

Technique Anion (G) Species (G„:Hm) log J^n;m Std. Deviation (±)

CH3COO
G:H
G2:H

6.29
5.71

0.16
0 . 1 2

G:H > 7 (7 .1 8 ) 0.17
F G2:H 6.46 0.23

G3:H 3.76 0.83*
G:H 5.90 0.17

Fluorescence C1 G2:H 5.45 0 . 2 2

Br - - -

I - - -

G:H > 7 (8 .3 5 ) 0.30
G:H2 5.71 0.36H2PO4 G2:H 6.70 0.31

G2: H2 5.87 0.90*

Table 5.7.3: Binding constants and binding modes between the different anions (G) and Eu:87j (H) for the 
fluorescence titration. * Species present in solution in less than 10% formation.

The results obtained from the fluorescence studies for the binding interactions of the 

various anions to Eu:873 were found to be in agreement with those o f the ground state 

investigations (Section 5.7.2). In comparison to the binding interaction o f  the free sensor 87
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with the various anions (log K\-\, Chapter 4, Table 4.4) the log Âi i for the interaction o f  

E u :8?3 with these anions was found to be higher on all occasions (Table 5.7.3), which was 

expected due to the presence o f the metal ion, and hence due to possible additional 

electrostatic interactions with the anions. Once again, although changes were observed for 

the addition o f  ca. 3 equivalents o f anion, we were only able to fit for the possible 3:1 

(GsiH) stoichiometry for the interaction with F'. From this fit, a binding constant o f log Ky \ 

= 3.76 ± 0.83 was found, which reflects a weak interaction between 3 molecules o f  F' and 

Eu:873. In addition, the speciation distribution diagram revealed that this species is present 

in solution in less than 5%, which accounts for the high error associated with the binding 

constant. So, although present, it can be in general difficult for the fitting program 

SPECFIT to account for the 3:1 species in solution.

In summary, the fluorescence emission intensity was significantly enhanced upon 

addition o f  the various anions such as CH 3COO , F , H2PO4 and Cf. In contrast, Br and I" 

gave only rise to small changes. The increase in the emission intensity can be explained by 

considering possible conformational changes within Eu:873, induced by the presence o f  the 

various anions. These changes can lead to the removal o f  existing vibrational pathways, as 

well as the removal o f  present PET quenching mechanism able to deactivate the excited 

state, and hence the increase in fluorescence emission intensity. Another explanation would 

be the possibility o f  complex dissociation. As previously mentioned, direct coordination o f  

competitive anions to the metal centre, by displacement o f  the phen  based antenna, can lead 

to the possible gradual dissociation o f the Eu(III) complex. Consequently, the energy 

transfer from the excited state o f  the antenna to the excited state o f the Eu(III) would no 

longer take place, hence the increase in the fluorescence emission intensity. As the 

mechanism through which the anions are binding to the Eu:8 ? 3  is not yet clear at this stage, 

the lanthanide luminescence was also followed as an attempt to clarify the results.

5.7.4 Changes in the lanthanide luminescence of Eu:8 ? 3  upon anion recognition

Although significant changes were observed for both the UV-Visible and the 

fluorescence emission upon anion titrations, the most striking changes were observed for 

the lanthanide emission. The lanthanide luminescence was followed after excitation at both 

260 nm and 330 nm. In general, the emission intensity for the ^Dq —>■ ^Fj transitions was
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gradually reduced, or ‘‘switched o ff,  in the presence of anions such as CH3COO’, H2PO4 ', 

C r, Br' and I', indicating that upon recognition of these anions, the antenna is unable to 

participate in the energy transfer process to the lanthanide excited state. Scheme 5.7.4,

Energy T ransfer anion

H

,N anion

hv.

hv hv

S ch em e  5 .7 .4 : Schem atic representation  o f  the lanthanide lum inescence quenching upon anion recognition  at 
the urea recep tors w ithin E u :8 ? 3.

One possible explanation for the quenching of the emission intensity is attributed to an 

energy mismatch between the lowest triplet state (T|) of the antenna and the ^Dq excited 

state of Eu(IlI), making the energy transfer from the triplet state of the antenna, T i, to the 

excited state of the Eu(III), ^Dq, less favorable.

Another explanation for the gradual quenching of the emission intensity would be the 

possible dissociation o f the Eu(III) self-assembly complex upon addition of the various 

anions. In this case, the Eu(IIl) emission would be expected to be reduced, as energy 

transfer from the antenna would be prevented. If this is the case, the direct coordination of 

competitive anions to Eu(III) by gradual displacement o f the coordinating antenna, would 

give rise to lanthanide based displacement assays.

The changes in the lanthanide luminescence emission spectra observed for the titration 

of Eu:873 with CH3 COO’ are shown in Figure 5.7.4. Here, the emission intensity was 

gradually quenched upon addition of ca. 3 equivalents of CHsCOO', though the major 

changes were observed between 0 —* ca. 2 equivalents. Once again, although any o f the 

bands can be used to analyse the data, as each one gives rise to similar results, the insert in 

Figure 5.7.4 shows the profile o f the changes in the luminescence intensity at 612 nm (J = 

2 band) as a function of the number of equivalents of CH3 COO'. This illustrates that the 

major changes occur for ca. 2.5 equivalents of CH3COO', implying the binding between 

three CH3 COO' and one molecule of Eu:873, as previously found for the absorption and
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fluorescence studies. As previously discussed, the fitting o f  the data using SPECFIT does 

not take into account the possible 3:1 binding stoichiometry.

650

570 590 610 630 650 670 690 710 730 750
Wavelength [nm]

F igure 5.7.4: Changes in the lanthanide em ission spectra o f  E u:87j (4 ^M ) upon addition o fC H 3 COO' (0 —► 
16.10 /iM ). Insert: The changes in the intensity at 612 nm as a function o f  equivalents o f  CH 3 COO'.

Figure 5.7.4.1 shows the good fit to the experimental data from the titration with 

CH 3 COO , obtained by using the 1:1 (G:H) and 2:1 (G2 :H) binding stoichiom etries. From 

this, strong binding constants o f  log K \ - \  = 6.56 ± 0.12 and log Â 2 :i = 7.11 ± 0.06 were 

determ ined. Table 5.7.4.

250
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200
 G:L
 G2:L
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#  data
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eq CH3COO'

F igure 5.7.4.1: Experimental binding isotherm for the lanthanide lum inescence titration o f  Eu:873 (4 ^M) 
with CHjCOO’ in CH 3C N , and corresponding fit using SPECFIT. Insert: The speciation distribution diagram; 
H refers to Eu:873, w hile G refers to CHsCOO'.
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The speciation distribution diagram, insert in Figure 5.7.4.1, shows that the G2 :H 

complex is the dominant species in solution after the addition o f ca. 2 equivalent o f 

CH3C00‘.

The distinct binding interaction previously discussed for Eu:8 ? 3  upon titration with 

H 2 P O 4 ' ,  both in the absorption and the fluorescence studies, was once again observed in the 

lanthanide luminescence. The changes in the lanthanide emission spectra o f Eu:8 ? 3  upon 

gradual addition o f H 2 P O 4 ’ are presented in Figure S.7.4.2. The emission intensity 

experienced an initial small decrease in intensity {ca. 11%) upon addition o f ca. 0.5 

equivalents o f H 2 P O 4 '  (insert in Figure S.7.4.2), which can be associated with the 

formation o f the 1:2 ( G : H 2 )  binding stoichiometry, between one H 2 P O 4 '  and two molecules 

o f Eu:873, as previously found for both the absorption and the fluorescence. This can be 

attributed to the possible formation o f  four hydrogen bonds by this anion. However, the 

major changes were observed upon further addition of H 2 P O 4 ’ (0.5 —» ca. 1.2 equivalents 

o f  H 2 P O 4  ), where the emission intensity was dramatically quenched by 9 8 % ,  insert in 

Figure S.7.4.2, after which no more changes were observed.
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Figure 5.7.42: Changes in the lanthanide emission spectra o f  Eu:8?3 (4 (iM) upon addition o fH 2P0 4 ' (0 —> 
19.90 /iM), in CH3CN when exciting at 260 nm. Insert: The changes in intensity at 614 nm as a function o f  
equivalents o f  H2PO4 .
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Although the changes were observed to occur upon addition o f ca. 1.2 equivalents o f 

H2 PO4 ,, the best fit to the experimental data was obtained by taking into account the 1:1 

(G:H), 1 ;2 (G; H2), 2:1 (G2 :H), and 2:2 (G2 :H2 ) stoichiometries, Figure S.7.4.3.

600

100 n500
G:H
G:H2
G2:H
G2:H2

c  400

<0 u.
300

Z  200

100 •  data 

 fit

1.50 0.5 1 2 2.5 3 3.5 4 4.5

eq  H2P0 4 ’

Figure 5.7.4.3: Experimental binding isotherm for the lanthanide lum inescence titration o f  E u :87 i (4 |iM ) 
with H2PO4' in CH3CN, and corresponding fit using SPECFIT. Insert: The speciation distribution diagram; H 
refers to E u:87j, while G refers to the H 2 PO 4  .

From this fit, binding constants o f log K \2 = 6.51 ±0 .15 , log K2,\ = 4.80 ± 0.09 and log 

K22 — 6.96 ±0.12 were determined for the 1:2, 2:1 and 2:2 respectively, while log K\-\ was 

found to be much higher than seven. Table 5.7.4. The speciation diagram (insert in Figure 

5.7.43) confirms the presence o f the G:H2 species in solution. It further supports the 

previous suggestion o f  the G:H complex being the dominant, and hence more stable species 

present in solution.

The binding with the spherical anions such as Cl', Br' and I’, also lead to a significant 

quenching o f  the lanthanide emission {ca. 95%, 76% and 72%, respectively). The changes 

in the lanthanide emission spectra o f  Eu:87j upon addition o f Cl' are shown in Figure 

5.7.4.4. Once again, as observed for both the absorption and the fluorescence, while the 

titration profile shows changes occurring up to the addition o f  three equivalents o f Cl', 

insert in Figure 5.7.4.4, fitting the changes in the lanthanide emission intensity indicated 

the occurrence o f only two binding interactions.
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Figure 5.1 AA: Changes in the lanthanide emission spectra o f  E u:8 ? 3  (4 |iM) upon addition o f Cl' (0 —► 
16.10 /xM), in CHjCN when exciting at 260 nm. Insert: The changes in intensity at 612 nm as a function o f 
equivalents o f Cl'.

The best fit to the experimental data was obtained by taking into account the 1:1 (G:H) 

and 2:1 (G2 :H) binding interactions between Cl’ (G) and Eu:873 (H), Figure S.7.4.5. From 

this, binding constants o f  log K\-\ = 6.48 ± 0.12 and log K 2,\ =  4.88 ± 0.37 were 

determined, Table 5.7.4, which were found to be somewhat different from those obtained 

for the absorption (Table 5.7.2) and fluorescence (Table 5.7.3) investigations.

240 n 100
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 G:H
 G2:H

c
0) eq C r

40 •  data
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eq c r

Figure 5.7.4.5: Experimental binding isotherm for the lanthanide luminescence titration o f Eu:8 ? 3  (4 nM) 
with c r  in CH3 CN, and corresponding fit using SPECFIT. Insert: The speciation distribution diagram; H 
refers to Eu:873, while G refers to Cl'.
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As mentioned above, Br and I' showed a very similar behaviour. This is clearly shown 

in the profile o f the changes in the emission intensity at 612 nm as a function o f  number o f  

equivalents o f added anion, Figure 5.7.4.6. From this profile, it becomes evident that the 

major changes occur between 0 ca. 1.2 equivalents o f anion, after which the changes 

become much smaller, suggesting a stronger binding interaction for the 1:1 (G:H) 

stoichiometry, between the mentioned anions and Eu:8?3. Similarly to the titration with Cl' 

, the experimental data was fitted to the 1:1 (G:H) and 2:1 (G2 :H) binding stoichiometries 

for both B f and I‘. The fits gave rise to similar binding constants o f log K\ \ = 6.29 ± 0.17 

and log Kja = 4.91 ± 0.42 for the titration with Br', log Â i i = 6.41 ± 0.18 and log K 2,\ = 

5.19 ± 0.40 for the titration with F, Table 5.7.4. In contrast to the expected small changes 

observed in both the absorption and the fluorescence emission spectra (as these anions are 

non-coordinating to urea moieties), such halide anions (B f and I ) gave rise significant 

changes in the lanthanide luminescence emission. This fact indicates that a different 

binding interaction, other than the hydrogen bonding to the urea moieties o f  Eu:873, must 

be present in solution. A possible explanation would be the dissociation o f the self- 

assembly complex, Eu:873, upon addition o f  such anions. The possible binding o f  the 

anions directly to the Eu(lll) would probably lead to the displacement o f the antenna, 87, 

hence gradually quenching the emission intensity. Such displacement o f the antenna by 

coordinating anions has been previously reported for lanthanide complexes.
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Figure S.7.4.6: Changes on the relative lanthanide emission intensity (I/Io, where lo represents the intensity o f  
the fi'ee host) o f  Eu:87j (4 (xM) at 612 nm as a function o f  number o f  equivalents o f  Br' and F.
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The changes in the lanthanide emission spectra o f  Eu:8?3 upon addition o f  F ' are 

shown in Figure S.7.4.7. In contrast to the changes discussed above for CH3COO', H2PO4', 

C r, Br' and V, the Eu(III) emission intensity was enhanced {ca. 63% ) upon an initial 

addition o f  F‘, after which the emission was fiilly quenched. These changes can clearly be 

observed by analysis o f  the titration profile shown in the insert in Figure S.7.4.7. The 

initial increase in intensity, observed between 0 —̂ 1 equivalents o f  F", can be ascribed to 

the possible direct interaction o f  F ‘ to the Eu(III) ion in Eu:8?3 by displacem ent o f  solvent 

m olecules, leading to the formation o f  the 1:1 (G:H) complex. This hypothesis was fiirther 

supported by analysing the evolution o f  the emission spectrum during the titration, in 

particular the changes in the structure o f  the more symm etry-sensitive transitions (^Dq ^  

^F2  and ^Do ^  ’F4 ), Figure 5.7.4.S, indicating that F‘ coordinates directly to Eu(III).^'*^ 

Fluoride anions are known to coordinate efficiently to lanthanide ions, and were already 

reported to replace metal bound water m o l e c u l e s . A  sim ilar behaviour can also be 

observed in the present case, particularly when considering that CH3CN m olecules form 

m uch w eaker coordinative bonds with the lanthanide metal centre.
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F igure 5.7.4.?: Changes in the lanthanide em ission intensity o f  E u:87j (4 ^M ) upon addition o f  F  (0 
18.00 /iM ). Insert; The changes in intensity at 612 nm as a function o f  equivalents o fF '.
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F igure 5 .7 .4 .8 .: Changes in the lanthanide em ission intensity o f  Eu:87-( (4 nM ) upon addition o f  different 
equivalents o f  F’. Insert: Fraction o f  the lanthanide em ission spectra for the ^Dq —► ^F4 transition (7 =  4 band).

However, upon further addition o f  F' (1 ^  ca. 2 equivalents o f  F'), the emission 

intensity was dramatically quenched (Figure S.7.4.8), indicating the possible formation o f  

the 2:1 (G2 :H) binding stoichiometry. This quenching can be associated to either the 

possible binding o f  the anion to the urea moieties, or to the metal ion by displacement o f  

thephen  coordinating antenna'^^, hence the decrease in emission intensity. Once again, the 

changes between the addition o f  ca. 2 equivalents o f  F’ (formation o f  G2 :H) and ca. 3 

equivalents o f  F" (formation o f  G3 :H) were only minor. The steep profile between both 0 —>

1 equivalents, and 1 ^  2 equivalents o f  F‘ are indicative o f  strong binding constants for the 

formation o f  the 1:1 (G:H) and the 2:1 (G2 :H) complexes. This was completely supported 

by the results obtained from the fitting o f  the titration data by using the SPECFIT program, 

Figure S.7.4.9, as the binding constants determined from this fit, log K\,\ and log Â 2 i, were 

found to be very high with values above seven (10.35 and 8.20, respectively). Table 5.7.4. 

As can be observed in the speciation distribution diagram in the insert in Figure 5.7.4.9, 

the G:H is present in 90% after the addition o f  one equivalent o f  F", after which the G2 :H 

species becomes the dominant species in solution after ca. 2 equivalents ofF '.
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Figure S.7.4.9: E xperim ental b inding isotherm  fo r the lanthanide lum inescence titration o f  Eu:8?3 (4 |iM ) 
w ith F  in C H 3C N , and corresponding fit using SPECFIT. Insert: T he speciation d istribu tion  diagram ; H 
refers to E u:873, w hile G refers to F .

The values determined by fitting the data obtained fi'om the lanthanide luminescence 

titration o f  the various anions with Eu:8 ?3, using the nonlinear program  SPECFIT, are 

summarised in Table 5.7.4.

Technique Anion (G) Species (G„:Hm) log
Std. D eviation  

(±)

CH3COO
G:H
G 2:H

6.56
> 7 ( 7 . 1 1 )

0 . 1 2
0.06

G:H > 7 ( 8 . 6 1 ) 0.09
G :H 2 6.51 0.15H2PO4 G 2:H 4.80 0.09

G2: H2 6.96 0 . 1 2 *
G:H 6  48 0  12Phosphorescence Cl G 2:H 4.88 0.37

R*-‘ G:H 6.29 0.17
Ur G2:H 4.91 0.42

I-
G:H 6.41 0.18

1 G 2:H 5.19 0.40

F" G:H >7( 1 0 . 3 5 ) 0.36
G2:H > 7 (8.20) 0.53

T able 5.7.4: B inding constan ts and binding m odes betw een the d ifferen t anions (G) and E u :873  (H ) for the 
lanthanide lum inescence titration. * Species p resent in solution in less than 10% form ation.
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This table clearly shows the strong nature o f  the interactions taking place between the 

various anions and Eu:8 ?3 , as the binding constants, log K, were found to be relatively 

high. Among the anions studied, fluoride noticeably showed the strongest interactions. In 

general, these values were found to be higher than those determined from the absorption 

(Table 5.7.2) and the fluorescence (Table 5 .7 3 )  titrations.

In summary, the lanthanide luminescence emission intensity was significantly 

modulated upon addition o f  the various anions such as CHsCOO’, F‘, H2 P0 4 ', Cl', B f  and I‘ 

. The emission intensity was gradually "switched o ff  in the presence o f  CH3COO', H2 P0 4 ', 

Cr, Br' and I'. However, H2 ? 0 4 ‘ was the only anion observed to give rise to the 1:2 (G:H2 ) 

stoichiometry, which can be attributed to the possible formation o f  four hydrogen bonds by 

this anion. Br' and I' gave rise to significant quenching o f  the emission intensity, in contrast 

to the small changes observed for both the absorption and the fluorescence. Hence, this was 

attributed to the possible dissociation o f  the self-assembly complex (Eu:873), as opposed to 

the binding to the urea moieties. The most interesting changes were, however, observed for 

the titration with F'. Upon an initial addition o f  this anion (1 equivalent), the emission 

intensity was significantly enhanced, which was ascribed to the direct binding o f  F’ to the 

Eu(III) by displacement o f  solvent molecule. This was then followed by a decrease o f  the 

emission intensity upon further addition o f  F', which can possibly be related to the binding 

o f  this anion to the urea moieties o f  Eu:873, or to the gradual dissociation o f  the self- 

assembly complex by displacement o f  the coordinating phen based antenna. By comparing 

the binding constants obtained upon addition o f  the various anions, and in particular for F', 

it can be observed that they are higher than those obtained for the Eu(III) complex 

formation (Table 5.6.4), which can also be indicative o f  complex dissociation.

5.8 Conclusions

In this chapter the formation, characterisation, and photophysical studies o f  the novel 

supramolecular assembly Eu;873, between the phen based ligand 87 and Eu(III) in CH3CN, 

have been presented and discussed.

Despite the insolubility o f  ligand 87 in CH3 CN, it become fully soluble in the presence 

o f  europium triflate (Eu(CF3 S0 3 )3 ). The obtained yellow  solid (Eu;873) showed an intense 

red colour under the UV lamp, indicative o f  the lanthanide sensitization by receptor 87.
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The use o f 'H-NMR spectroscopy further supported the presence o f an Eu(III) coordinated 

complex, as signal broadening o f the phen moiety protons most closely located to the 

paramagnetic metal center was observed. Further indication o f the interaction between 87 

and the lanthanide was provided by the determination o f the number o f metal bound water 

molecules, q = 2.64, which is consistent with the expected 1:3 (Eu:8 ? 3 ) supramolecular 

assembly. Successful coordination o f Eu(III) to the phen  moiety o f 87 was also confirmed 

by the changes observed in the IR spectrum of Eu:873, when compared to that o f the free 

ligand 87. Moreover, the stoichiometry o f the complex in solution was assessed by using 

Job’s method, or method o f  continuous variation, which was shown to be 1:3, Eu:873, in 

CH 3 CN.

In order to gain some insight into the metal complex species present in solution, an 

investigation into the ground state and the excited state (fluorescence and lanthanide 

luminescence) properties o f the complex was undertaken. The lanthanide luminescence o f 

the Eu(III) was ‘switched on' in the presence o f ligand 87, establishing the sensitization o f 

the metal ion through the antenna (ligand 87). From the changes observed in the UV- 

Visible, fluorescence, and lanthanide luminescence titrations, binding constants (log K) for 

the self-assembly complex formation, between 87 and the lanthanide metal centre, were 

determined for the 1:1 (Eu:87), 1:2 (E u:8 7 2 ), and 1:3 (Eu:873) complexes, by using the 

nonlinear least-squares fitting model SPECFIT. The determined values were found to be in 

agreement for the different techniques used. As expected, the Eu:873 species showed the 

highest binding constant, suggesting that Eu:873 was the most stable complex formed in 

solution. Based on these results, it is possible to conclude that the presence o f the Eu(IlI) 

metal ion, in CH 3 CN solution, induces the formation o f  a self-assembly supramolecular 

system between Eu(III) and 87 in a 1:3 (Eu:873) stoichiometiy.

The ability o f the self-assembly architecture Eu:873, (H), to sense anionic species (G), 

such as CH 3 COO', H2 PO 4 ", F", Cl', Br' and I' was investigated. Both the UV-Visible and the 

luminescence studies were carried out by titrating a solution o f Eu:873 in CH3 CN with the 

various anions. From the changes observed during these titrations, binding constants (log 

K), for the interaction between Eu:873 and the various anions were determined by using the 

nonlinear least-squares fitting program SPECFIT. Although the titration profiles showed 

evidence o f the formation o f the 3:1 (G 3 :H) stoichiometry in solution, we were unable to fit

211



Chapter 5 -  Anion sensing using a Eu(III) induced supramolecular self-assemhly architecture

for this species in the majority o f  the cases, suggesting that either the recognition o f the 

third anion is very weak or that the spectral changes are too small to be fitted. This was 

supported by the only log AT3 :i determined for the fluorescence titration with F’, which was 

found to be both weak and form in very low percentage in solution (< 5%). The binding 

constants determined fi'om both the absorption (Table 5.7.2) and the fluorescence (Table 

5.7.3) were found to be in good agreement for anions such as C H 3 C O O ',  H2 PO4 , F and Cl" 

, while for Br" and I' the changes were too small to be fitted.

The lanthanide luminescence was observed to be gradually ‘switched o j f  for anions 

such as CH 3COO', H 2 P O 4 ', C r ,  Br and F, indicating that upon anion recognition the 

antenna is unable to participate in the energy transfer process to the lanthanide excited 

state. Two possible mechanism can be associated with the quenching o f the lanthanide 

emission intensity; (i) anion binding at the urea moiety can lead to an energy mismatch 

between the lowest triplet state (T |) o f  the antenna and the 'Do excited state o f  Eu(III), 

making the energy transfer from the triplet state o f  the antenna to the excited state o f the 

Eu(III) less favorable, or (ii) anion coordination to Eu(III) by displacement o f  the phen 

antenna, leading to the dissociation o f the Eu(III) self-assembly complex (Eu:873) and 

hence gradual quenching o f  the emission, as energy transfer from the antenna would be 

prevented.

In contrast to the absorption and the fluorescence studies, both B f and F induced 

significant changes in the lanthanide luminescence spectra. This indicated that a binding 

interaction other than hydrogen bonding to the urea moieties o f Eu:873 must be present in 

solution, and hence was attributed to the possible dissociation o f the self-assembly 

complex.

The most interesting results were observed for the titration with the fluoride ion, as 

only for this anion was the emission intensity ‘switched on' (63%) upon an initial addition 

o f  F ( 0 ^ 1  equivalents o f  F"). Such emission intensity enhancement was ascribed to the 

direct coordination o f F‘ to Eu(III), by displacement o f solvent molecules. However, upon 

further addition o f  F' ( 1 - ^ - 2  equivalents o f  F ) the emission intensity was ‘switched o f f  

due to probable dissociation o f the self-assembly complex Eu:873, by displacement o f  the 

phen  based antenna.
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In this work, we have therefore demonstrated that the luminescence intensity o f the 

novel self-assem bly system Eu:8?3 changes dramatically in the presence o f  anions, which 

provides the possibility to employ this complex as a luminescent sensor for anions. 

However, the m echanism  through which the anions are interacting with Eu:8?3 is not clear. 

In order to further investigate the possibility o f  the dissociation o f  the Eu(III) complex 

upon addition o f  anions, titration o f  the complex shown below with the various anions will 

be carried out in the near future. The lack o f  the urea binding sites in this ligand implies 

that the only site available for anion recognition is at the Eu(III) centre directly, by 

displacem ent o f  either solvent m olecules or coordinating ligands. Therefore, the changes 

observed upon addition o f  anions would have to be attributed to the direct interaction with 

the metal ions.

OjN

N '
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6.1 General Experim ental Details

All chem icals were obtained from Sigm a-Aldrich Ireland Ltd. (Aldrich, Sigm a and 

Fluka/Riedel de Haen), Lancaster or Acros Organics and unless specified, were used 

without further purification. Deuterated solvents for N M R  use were purchased from Apollo  

Scientific. Dry solvents were prepared using standard procedures, according to V ogel, with 

distillation under dry argon prior to each use.^“*̂  Chromatographic colum ns were run using 

Alum inum  Oxide (activated, Neutral,Brockmann I STD grade 150 m esh) or S ilica gel 60  

(230-400  mesh ASTM ). Analytical TLC was performed using Merck K ieselgel 60  F254 

silica gel plates or Polygram A lox N/UV254 aluminium oxide plates. Visualisation was by 

U V  light (254 nm), by exposure to iodine vapour or with 2% ninhydrin in ethanol spray 

reagent. NM R spectra were recorded using a Briiker D PX -400 A vance spectrometer, 

operating at 400.13 MHz for 'H -NM R, 100.6 MHz for '^C-NMR, and 376 .46  M Hz for '^F- 

NM R, or a Briiker A V -600 spectrometer, operating at 600.1 M Hz for 'H-NM R and 150.2 

M Hz for ’^C-NMR. Shifts are referenced relative to the internal solvent signals. N M R  data 

were processed using Briiker W in-NM R 5.0 software. Electrospray mass spectra were 

recorded on a M icromass LCT spectrometer, running M ass Lynx NT V 3.4 on a Waters 

600 controller connected to a 996 photodiode array detector with HPLC-grade methanol, 

water or acetonitrile as carrier solvents. Detection was in positive (ES+) mode only. 

Accurate molecular m asses were determined by a peak-matching method, using leucine 

enkephaline (H -Tyr-Gly-Gly-Phe-Leu-OH ) as the standard internal reference (m /z =  

556.2771); and reported within 5 ppm o f  the expected m ass. Samples were prepared in 

non-chlorinated HPLC-grade solvents. Elemental analysis was carried out, by M s Ann 

Connolly, at the M icroanalytical Laboratory, School o f  Chemistry and Chemical B iology, 

University C ollege Dublin. M elting points were determined using an Electrothermal 

1A9000 digital melting point apparatus. Infrared spectra were recorded either on a Mattson 

G enesis II FTIR spectrometer equipped with a Gateway 2000  4D X 2-66 workstation or a 

Perkin Elmer Spectrum One FT-IR Spectrometer fitted with a universal ATR sampling 

accessory. W hen using the former, solid samples were dispersed in KBr and recorded as 

clear pressed discs. X-ray diffraction studies were carried out by Dr Thom as M cCabe 

(School o f  Chemistry, Trinity C ollege Dublin) using a Bruker SM ART APEX single  

crystal CD diffractometer.
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6.2 Ultraviolet-Visible and Lum inescence spectroscopy

UV-Visible and luminescence titration measurements were performed on a Varian 

Cary-50 and Varian Cary Eclipse spectrophotom eters respectively. The solvents used were 

o f  HPLC grade. All the stock solutions (10'^ M) were prepared in C H 3CN. However, in 

Chapters 4 and 5, the compounds under study (87 and Eu:873, respectively) w ere firstly 

dissolved in DM SO (10 /iL) and then diluted in a 10 mL volumetric flask with C H 3CN. 

Solutions with the m olar concentrations used in the measurem ents (4 fiM in Chapters 2 and 

4, 10 /iM and 4 in Chapter 5) were prepared by dilution o f  the corresponding 10'^ M 

stock solutions. The concentration o f the ligands and complexes investigated were the same 

for both the UV-visible and luminescence measurements. All the anions and metals 

solutions were prepared in CH 3CN. The titration experiments performed in this work were 

carried out as described in the corresponding Chapters. The settings o f the fluorim eter for 

the fluorescence and lanthanide luminescence m easurements, carried out in Chapters 2, 4, 

and 5 are reported in Tables 6.2.1-6.2.8.

Table 62.1 Fluorescence settings for titrations in Chapter 2 (lTb.61| = 4 fiM in CH3CN)

Fluorescence Settings 

Mode: Fluorescence 

Scan Control: m edium  

Excitation slit width: 10 nm

Excitation: 280 nm 

PMT Voltage: M edium 

Em ission slit width: 10 nm

Table 62.2  Lanthanide luminescence settings for titrations in Chapter 2 ([Tb.61| = 4 fiM in CHjCN)

Lum inescence Settings 

Mode: Phosphorescence 

Total Decay: 0.02 ms 

Flash: 1 

Gate: 10 ms

Excitation slit width: 10 nm

Excitation: 280 nm 

Scan: 450-720 nm 

Delay: 0.1 ms 

PMT Voltage: High 

Em ission slit width: 10 nm
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Table 6 2 3  Fluorescence settings for titrations in Chapter 4 of 87 with transition metals ((87.Cu] = 4 
^M in CHjCN)

i  Fluorescence Settings

i Mode: Fluorescence Excitation; 266 nm

! Scan Control: medium PMT Voltage: Medium

I Excitation slit width: 5 nm Emission slit width: 5 nm

Table 62.4  Fluorescence settings for titrations in Chapter 4 of the transition metals Cu(II) and Fe(II) 
complexes with anions ([ST.Cu] = 4 fiM in CHjCN)

Fluorescence Settings

Mode: Fluorescence Excitation: 260 nm

Scan Control: medium PMT Voltage: Medium

Excitation slit width: l Onm Emission slit width: l Onm

Table 6.25 Fluorescence settings for titrations in Chapter 5 of 87 with Eu(III) (|87] = 10 fiM in 
CH,CN)

i Fluorescence Settings

i  Mode: Fluorescence Excitation: 265 nm

i Scan Control: medium PMT Voltage: Medium

i Excitation slit width: 10 nm Emission slit width: 5 nm
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Table 62 .6  Lanthanide luminescence settings for titrations in C hapter 5 of 87 with Eu(III) ([87| = 10 
fiM in CH,CN)

Lum inescence Settings

Mode: Phosphorescence Excitation: 265 nm

Total Decay: 0.02 ms Scan: 550-720 nm

Flash: 1 Delay: 0.1 ms

Gate: 10 ms PMT Voltage: M edium

Excitation slit width: 10 nm Em ission slit width: 10 nm

Table 6.2.7 Fluorescence settings for titrations in C hapter 5 of the Eu(III) complex with anions
1 = 4 nM in CHjCN)

Fluorescence Settings

Mode: Fluorescence Excitation: 260 nm

Scan Control: medium PMT Voltage: M edium

Excitation slit width: 5 nm Em ission slit width: 5 nm

Table 62.8 Lanthanide luminescence settings for titrations in C hapter 5 of the Eu(III) complex with 
anions ((Eu:873| = 4  fiM in CHjCN)

Lum inescence Settings

Mode: Phosphorescence Excitation: 260 nm

Total Decay: 0.02 ms Scan: 550-720 nm

Flash: 1 Delay: 0.1 ms

Gate: 10 ms PMT Voltage: M edium

Excitation slit width: 5 nm Em ission slit width; 5 nm
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63  Lifetime measurements for Tb(III) and Eu(III) complexes

Luminescence lifetime measurements were carried out in H2 O and D2 O, on a Varian 

Carey Eclipse Fluorimeter. The settings for the Tb(III) and Eu(III) complexes are displayed 

below in Table 6.3.1 and Table 6.3.2 respectively.

Table 63.1 Luminescence lifetime settings for Tb(III) complex in Chapter 2

Lifetime Settings

Direct excitation: Tb(III) -  366 nm

Emission: Tb(III) -  545 nm

No. Cycles: 100 Total Decay: 10 ms

Flash: 1 Delay: 0.1 ms

Gate: 0.1 ms PMT Voltage: High

Excitation slit width: 20 Emission slit width: 20

Table 63 .2  Luminescence lifetime settings for Eu(III) complex in Chapter 2 and Chapter 5

Lifetime Settings

Direct excitation: Eu(III) -  395 nm

Emission; Eu(III) -  615 nm

No. Cycles: 100 Total Decay: 10 ms

Flash: 1 Delay: 0.1 ms

Gate: 0.1 ms PMT Voltage: High

Excitation slit width: 20 Emission slit width: 20
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6.4 Experimental details for Chapter 2 

2-Chloro-A^-(4-nitro-phenyl)-acetaniide (65)

H A solution o f 4-nitro-phenylamine (67) (0.30 g, 2.17 mmol) and

Cl  triethylamine (0.66 g, 6.51 mmol) in CH 2CI2 (30 mL) was cooled 

below 0°C in an ice/acetone bath. A solution o f chloroacetyl 

chloride (0.25 g, 2.17 mmol) in CH2 CI2 (10 mL) was then added 

dropwise over a 30 min period. The reaction mixture was then allowed to warm up to room 

temperature and stirred for 48 hours. The brown solution was washed with 0.1 M HCl (4 x 

25 mL). The organic layer was dried over K2 CO 3 , filtered and the solvent was removed 

under reduced pressure to yield a brown solid (0.62 g, 79% yield). Recrystallisation from 

hot EtOH yielded brown crystals (0.37 g, 48% yield), m.p. 178-179°C; 'H NMR (400 

MHz, ^̂ 6 -(CD3 )2 CO, 6 h ) 10.01 (s, 1H, NH), 8.25 (d, 2H, Ar-H, 7 = 8.0 Hz), 7.94 (d, 2H, Ar-

H, J =  8.5 Hz), 4.33 (s, 2H, CH 2 ); '^C NMR (100 MHz, /̂6 -(CD 3)2 CO, 6 c) 165.85, 145.01, 

143.97,125.27, 119.79, 43.75; MS (ES ) w/z: 213.1 [M -H ].

2-(4,7-Bis-dimethylcarbamoylmethy I-l,4,7,10-tetraaza-cyclododec-l-yI)-N,N- 

dimethyl-acetamide (62)'^^

1,4,7,10 tetraazacyclododecane (63) (1.00 g, 5.80 mmol) was
C H  N  — C H 3
I ^ 0 = /  placed in a 50 mL single neck RBF. To this was added

  \
H3C' Y ^ n  n NaHCOj (1.46 g, 17.40 mmol) and dry CH 3 CN (20 mL). The

RBF was placed in an ice/acetone bath and allowed to cool. A
/  \  /  " h

\  —  solution o f 2-Chloro-N,N-dimethyl-acetamide, 64, (2.12 g,

\  17.40 mmol) in CH 3CN (5 mL) was added quickly and the

solution was stirred at 0°C for ten minutes. The solution was 

then stirred at 85°C under an argon atmosphere for 72 hours. The resulting yellow solution 

was filtered through celite and the solvent removed under reduced pressure. The obtained 

dark yellow viscous oil was dissolved in CH2 CI2  and purified by alumina column 

chromatography using a gradient elution 100 to 90:10 CH2 Cl2 :CH3 0 H. The desired product 

was collected as an off-white foam after drying under vacuum (1.70 g, 69% yield). 

Calculated for C2 0H 4 2 N 7 O 3 : m/z = 428.3349 [M + H], Found: 428.3352; 'h  NMR (400 

MHz, CDCI3 , 5 h )  10.01 (br s,lH , NH), 3.52 (s, 2H, CH2 ), 3.56 (s, 4H, CH 2 ), 3.07 (s, 8 H,
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Cyclen CH2 ), 3.02 (s, 3H, CHj), 2.95 (s, 6 H, CH3), 2.88 (s, 9H, CH 3), 2.84 (br m, 8 H, 

Cyclen CH2); '^C NMR (100 MHz, CDCI3 , 5c), 169.87, 169.74, 55.17, 54.54, 53.10, 53.02, 

51.24, 49.73, 49.24, 45.80, 36.39, 36.03, 35.63, 35.03, 34.87; MS (ES^) m/z: 428.33 [M + 

H]

2-{4,7-bis-dimethylcarbamoyImethyH0-|(4-nitro-phenylcarbamoyl)-methyl|-l,4,7,10- 

tetraaza-cyclododec-l-yl}-A',A^-dimethyl-acetamide (68)

To a solution o f 62 (0.28 g, 0.66 mmol) and 65
T H  N - C H ,
I  ̂ o = (  (0.16 g, 0.73 mmol) in CH3 CN (20 mL) was added

N   \

^ 3̂  KI (0.12 g, 0.73 mmol) and caesium carbonate
o f  '1  o ^

—̂N JL . (0.24 g, 0.73 mmol). The reaction mixture was
/  \  I
\  —  I stirred at 82°C under an argon atmosphere for 72

*̂3^ — hours.  The brown solution was filtered through
CH3

celite and the solvent was removed under reduced 

pressure. The brown residue was purified by alumina column chromatography under 

gradient elution conditions (CH2 CI2 to 20% CH3OH). The desired product was collected as 

a brown solid after drying under vacuum (0.30 g, 74% yield), m.p. 79-80°C; Calculated for 

C2 8 H4 8N 9O6 m./z = 606.3734 [M + H]. Found m/z = 606.3728; 'H NMR (400 MHz, CDCI3 , 

6 „) 11.26 (s, IH, NH), 8.17 (d, 2H, Ar-CH, J =  9.4 Hz), 8.05 (d, 2H, Ar-CH, J =  9.4 Hz), 

2.93 -  2.85 (26H, CH2 CONCH 3 ), 2.70 -  2.00 (16H, Cyclen CH 2); '^C NMR (100 MHz, 

CDCI3 , 6 c) 171.81, 170.41, 170.21, 145.21, 142.11, 123.87, 119.04, 57.15, 54.64, 54.50, 

53.04, 49.72, 35.75, 35.63, 35.22, 35.13; MS (ES^) m/z: 606.37 [M + H], 628.35 [M + Na]; 

IR (KBr)Dmax (cm ')3434 , 2966,2821, 1648, 1554, 1504, 1174, 1104.
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2-{4|(4-ainino-phenylcarbam oyl)-m ethyll-7,10-bis-diinethylcarbainoylm ethyl- 

l,4,7,10-tetraaza-cyclododec-l-yl)}-A^,A'^-dimethyl-acetainide (69)

To a stirring solution o f  68 (0.08 g, 0.13 mmol) and
PH N-CH,
^  ̂ ^  Pd/C catalyst in EtOH (3 mL), a solution o f

*̂ 3̂  N NH hydrazine monohydrate (0.05 g, 1.03 mmol) in

EtOH (5 mL) was added dropwise. The reaction

\ ^ ^  I mixture was then heated under reflux ovem ight,
/ = o  ^

under an argon atmosphere. The brown solution
CH3

was filtered through celite and the solvent was 

rem oved under reduced pressure to yield the product as a brown resin. The brown residue 

was purified by alumina colum n chrom atography under gradient elution conditions 

(CH 2CI2 to 20%  CH3OH). The desired product was collected as a brown foam after drying 

under vacuum, which returned to a resin state over time (0.06 g, 88% yield). Calculated for 

C 2 gH49Nq0 4 Na m/z = 598.3805 [M + Na]. Found m/z = 598.3830; 'H NM R (400 MHz, 

CDCI3, 5m) 10.07 (s, IH, NH), 7.57 (d, 2H, Ar-H, J =  8.0 Hz), 6.54 (d, 2H, Ar-H, J =  8.5 

Hz), 3.4 -  2.4 (m, 42H, CH 2CO N CH 3  + CH 2 cyclen); '^C NM R (100 MHz, CDCI3, 5c) 

170.97, 170.72, 169.80, 142.55, 130.74, 121.15, 114.93, 57.99, 54.95, 53.46, 52.42, 50.90, 

36.25, 36.09, 35.65, 35.53; MS (ES^) m/z: 598.38 [M + Na]

2-(4,7-Bis-dim ethylcarbam oyIm ethyl-10-{|4-(3-p-tolyl-ureido)-phenylcarbam oyl|- 

m ethyl}-l,4,7,10-tetraaza-cyclododec-l-yl)-A',A^-dlm ethyl-acetamide (61)

1̂ 3̂  ̂ To a solution o f  69 (0.15 g, 0.26
P H  N—CH,
I  ̂ mmol) in CHCI3 (7 mL) was added

I \ 3 H H
*̂3̂  M ^  M M trifluoro-p-tolyl isocyanate (70)o r  ^  o Y

N o (0.05 g, 0.26 mmol). The reaction

\   ̂  ̂ I m ixture was left stirring under an
/ J = 0  n

•̂ 3^ “ ^  argon atmosphere at room
CH3

tem perature ovem ight. The solvent 

was removed under reduced pressure to yield a pale brow n residue. The residue was 

purified by alum ina colum n chrom atography under gradient elution conditions (CH 2CI2 to
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10% CH 3OH) to yield the desired product as a yellow solid (0.13 g, 67% yield), m.p. 187- 

189“C; Required for C3 6H 54N 10O 5F3 .CH2CI2 .2 H2 O: C, 50.28; H, 6.73; N, 15.85%; Found: 

C, 49.96; H, 6.32; N, 15.62 %; Calculated for C3 6H 54N 10O 5F3 m/z = 763.4231 [M + H]. 

Found m/z = 763.4248; 'H NMR (400 MHz, CDCI3 , 5„) 10.07 (br s, IH, NH), 9.94 (br s, 

IH, NH), 9.48 (br s, IH, NH), 7.76 (d, 2H, Ar-CH, J  = 8.5 Hz), 7.59 (d, 2H, Ar-CH, J  = 

8.5 Hz), 7.42 (m, 4H, Ar-CH), 7.35 (d, 2H Ar-CH, J  = 8.2 Hz), 3 -  2 (m, 42H, 

CH 2CONCH 3 , CH2 CONH, and CH 2 cyclen); ‘̂ C NMR (100 MHz, CDCI3, 6 c) 170.47, 

170.16, 169.48, 153.08, 143.30, 135.16, 133.13, 125.54, 125.27, 119.67, 118.40, 117.42, 

57.50, 54.51, 54.31, 51.52, 50.36, 49.61, 36.04, 35.63, 35.49, 35.19, 35.02; '^F NMR (376 

MHz, CDCI3, 5f) -61.88 (CF3); MS (E S^ m/z: 763.42 [M + H]; IR (cm '') 3243, 2967, 

2819, 1646, 1512, 1406, 1309, 1231, 1201, 1181, 1159, 1102, 1066, 1005, 951, 901, 842, 

732.

Tb(III) complex of 61, Tb.61

A solution o f 61 (0.05 g, 0.07
PH N - C H ,
I  ̂ mmol) and Tb(CF3 S0 3 ) 3  (0.04 g,

H3C' ^  I! I! 0.07 mmol) in CHjCN (5 mL) was

heated under reflux, under an argon

\ ^ ^  I atmosphere for 48 hours. They— O  ”

complex was isolated by
CH3

precipitation from dry diethyl ether 

(200 mL) as a pale beige solid (0.07 g, 74% yield); Required for

C3 6 H54Nio0 5 F3 .Tb.(CF3 S0 3 )3 .H2 0 .3 CH2 Cl2 : C, 30.73; H, 3.74; N, 8.53%; Found: C, 30.17; 

H, 3.55; N, 8.91 %; Calculated for C3 6 H 52Nio0 5 F3Tb m/z = 920.3228 [M]. Found m/z = 

920.3286; 'h  NMR (400 MHz, CD 3 OD, 5h) 75.92, 51.76, 47.91, 46.87, 40.93, 26.92, 

24.70, 21.16, 11.17, 9.03, 7.29, 5.72; 'V  NMR (376 MHz, CD 3OD, 6 f) -64.20 (CF3), - 

79.85 (CF3SO3); MS (ES^) m/z: 460.16 [(M + H)/2], 920.32 [M]; IR u„,ax (cm’') 3488, 

3354, 2940, 1619, 1538, 1514, 1411, 1316, 1242, 1224, 1158, 1114, 1081, 1068, 1027, 

957,910, 842, 824, 758.
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Eu(III) complex o f 61, Eu.61

*̂3^̂  A solution o f 16 (0.02 g, 0.02
P H  N — C H ,

0 = /  mmol) and Eu(CF3S0 3 ) 3  (0.01 g,
j ---- \ \  Q u  H H

'̂ 3^ mmol) in CH 3CN (5 mL) was

N freeze thawed twice and left stirring

J, at 82°C under an argon atmosphere/ —o n
^̂3^— for 48 hours. The complex was

isolated by precipitation from dry 

diethyl ether (100 mL) as a hygroscopic solid (0.02 g, 6 8 % yield); 'H NMR (400 MHz, 

CD 3 OD, 5h) 31.32, 10.86, 7.73, 7.66, 6.93, 4.90, 3.32, 3.03, 1.40, 1.30, 0.93, -8.11; ‘‘'F 

NMR (376 MHz, CD 3OD, 6f ) -63.81 (CF3), -80.60 (CF3 SO3 ); MS (ES^) m/z: 457.03 [(M + 

H)/2], 531.99 [(M+trif)/2]; IR w  (cm ') 3293, 2928, 1617, 1538, 1513, 1410, 1317, 1242, 

1224, 1157, 1112, 1081,1067, 1027, 956,909, 838, 822,757.

6.5 Experimental details for Chapter 3

6.5.1 Procedure 1: General experimental procedure for compounds 77, 78, and 79

The relevant nitroaniline was placed into a small beaker and acetic anhydride was added. 

The solution was then stirred at room temperature overnight. The resulting precipitate was 

then filtered and washed twice with diethyl ether. The solid was collected and dried under 

vacuum.

N-(4-Nltro-phenyl)-acetamide (77)

O 77 was synthesised according to Procedure 1, using 4-nitroaniline

^  ^ —NOj (0.70 g, 5.07 mmol). The product was isolated as a pale beige solid 

(0.76 g, 83% yield), m.p. 208-210 °C; 'H NMR (400 MHz, 

(CD 3 )2 C 0 , 5„) 9.75 (br s, IH, NH), 8.22 (d, 2H, CH, J =  9.5 Hz), 7.90 (d, 2H, CH, J =  9.0 

Hz), 2.17 (s, 3H, CH 3 ); ‘^C NMR (100 MHz, (CD 3)2 CO, 5c) 168.43, 145.03, 142.28, 

124.27, 118.06, 117.98, 23.11; IR w  (cm '') 3272, 3093, 1680, 1618, 1597, 1565, 1502, 

1493, 1403, 1346, 1331, 1302, 1268, 1179, 1113, 1005,966, 865 ,848 ,831 ,749 ,697 , 687.
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N-(3-Nitro-phenyl)-acetamide (78)

o
78 was synthesised according to Procedure 1, using 3-nitroaniline (0.68 

g, 4.92 mmol). The product was isolated as a pale beige solid (0.50 g.

57% yield), m.p. 148-150 °C; 'H NMR (400 MHz, CD 3OD, 5h ) 8.61 (s, 

IH, CH), 7.94 (d, IH, CH, J =  8.0 Hz), 7.85 (d, IH, CH, J =  7.4 Hz), 7.54 (t, IH, CH, J  = 

8.5 Hz, 8.0 Hz), 2.18 (s, 3H, CH 3); ‘̂ C NMR (100 MHz, CD 3OD, 5c) 170.13, 147.99,

65 .2  Procedure 2: General experimental procedure for compounds 80, 81, and 82

The relevant nitro acetamide was placed in a 25 mL RBF with the catalyst, 10% Pd/C and 

CH 3 CH2 OH was added. Hydrazine monohydrate was subsequently added and the reaction 

mixture was stirred at 95°C overnight under an argon atmosphere. The mixture was filtered 

while hot, through celite, and the solvent removed under reduced pressure. The obtained 

solid was washed with diethyl ether. Once collected the solid was dried under vacuum.

N-(4-Amino-phenyl)-acetamide (80)

O 80 was synthesised according to Procedure 2, using N-(4-Nitro-

NH2 phenyl)-acetamide (77) (0.60 g, 3.33 mmol), and hydrazine

139.45, 128.95, 124.39, 117.40, 113.33, 22.04; IR Un,ax (cm '') 3289, 3260, 3192, 3129, 

3096, 2861, 2809, 1671, 1598, 1547, 1525, 1476, 1424, 1368, 1348, 1324, 1293, 1276, 

1260, 1162, 1077, 1016, 983, 885, 822, 804, 759, 737, 690, 669.

i N n ; ,  o .  / o  1 0 ,  — o . j  n z , ; ,  i o , ^  — o. j  n z ,^ ,  / . u u

IH, CH, J =  7.3 Hz, 8.5 Hz), 7.20 (t, IH, CH, J =  7.3 Hz, 8.3 Hz), 2.31 (s, 3H, CH 3); '^C 

NMR (100 MHz, CDCI3, 6 c) 168.62, 135.82, 134.40, 135.54, 125.27, 122.77, 121.71, 

25.20; IR (cm ') 3369, 3090, 1698, 1607, 1583, 1497, 1413, 1367, 1340, 1272, 1225, 

1161, 1145, 1083, 1038, 999, 858, 834, 793,788, 748,705, 6 8 8 .

N-(2-Nitro-phenyl)-acetamide (79)

/  79 was synthesised accordingto Procedure 1, using 2-nitroaniline (0.51 g,
o = \

N-H 3.69 mmol). The product was isolated as a bright yellow solid (0.38 g, 57%

yield), m.p. 89-91 °C; 'H NMR (400 MHz, CDCI3, 6n) 10.35 (br s, IH,
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monohydrate (0.85 g, 26.6 mmol). The product was isolated as an off white solid (0.49 g, 

98% yield), m.p. 155-157 “C; ‘H NMR (400 MHz, (CD3)2CO, 5,0 8.80 (br s, IH, NH), 7.33 

(d, 2H, CH, J  = 8.5 Hz), 6.61 (d, 2H, CH, J  = 9.04 Hz), 4.43 (broad s, 2H, NH2), 2.00 (s, 

3H, CH 3); '^C NMR (100 MHz, (CD3)2CO, 5c) 166.58, 143.98, 129.27, 120.26, 113.73, 

22.66

N-(3-Amino-phenyi)-acetamide (81)

81 was synthesised according to Procedure 2, using N-(3-Nitro-phenyl)- 

acetamide (78) (0.38 g, 2.11 mmol), and hydrazine monohydrate (0.54
NH

2 g, 17.0 mmol). The product was isolated as a pale pink crystalline solid 

(0.16 g, 52% yield), m.p. 86-89 °C; 'H NMR (400 MHz, CD 3OD, 5,0 7.04 (d, IH, CH, J  = 

8.5 Hz), 7.00 (s, IH, CH), 6.80 (d, IH, CH, J  = 8.0 Hz), 6.48 (d, IH, CH, J =  8.0 Hz), 2.09 

(s, 3H, CH 3); '^C NMR (100 MHz, CD 3OD, 5c) 169.69, 147.42, 138.67, 128.44, 110.77, 

109.32, 106.58, 22.00; IR (cm‘‘) 3376, 3297, 3082, 1671, 1606, 1546, 1491, 1437, 

1366, 1323, 1310, 1259, 1188, 1163, 1072, 1014, 966,988,847, 773,687.

N-(2-Amino-phenyl)-acetamide (82)

/  82 was synthesised according to Procedure 2, using N-(2-Nitro-phenyl)-
0 =

N̂ - H  acetamide (79) (0.25 g, 1.39 mmol), and hydrazine monohydrate (0.36 g,

11.0 mmol). The product was isolated as an off white crystalline solid (0.21 

g, 99% yield), m.p. 126-128 °C; 'H NMR (400 MHz, CDCI3 , 6 „) 7.09 (d, 

IH, CH, 7.5 Hz), 7.03 (t, IH, CH, J =  7.5 Hz), 6.85 (d, IH, CH, J =  7.5 Hz), 6.72 (t, 

IH, CH, J =  7.5 Hz), 2.16 (s, 3H, CH 3); '^C NMR (100 MHz, CDCI3 , 5c) 170.39, 141.50, 

126.45, 125.34, 123.16, 117.56, 116.58, 21.12; IR w  (cm ') 3455, 3363, 3271, 3046, 

2927, 1638, 1586, 1533, 1496, 1456, 1369, 1299, 1255, 1219, 1156, 1138, 1042, 1012, 

963 ,924 ,858 ,847 ,742 .

225



Chapter 6 -  Experimental Procedures

6^ .3  Procedure 3: General experim ental procedure for com pounds 71, 72, and 73

The relevant amino acetamide was placed in a 10 mL RBF and dissolved with CHCI3 . 

Trifluoro-p-tolyl isocyanate (1.1 equivalents) was added and the solution was then stirred 

at room  tem perature overnight under an argon atmosphere. The resulting precipitate was 

filtered and washed with cold CHCI3 . The obtained solid was then dried under vacuum.

N -{4-|3-(4-Trifluorom ethyl-phenyl)-ureido|-phenyl}-acetam ide (71)

H H 71 was synthesised according to Procedure 3, using

O N -(4-A m ino-phenyl)-acetam ide (80) (0.20 g, 1.33

® mmol), and trifluoro-p-tolyl isocyanate (0.27 g, 14.6
I  ^
H mmol). The product was isolated and recrystallised

from a m ixture o f  CH Cl3 :CH3 0 H to yield the pure compound as an o ff  white solid (0.41 g, 

90%  yield), m.p. decomposes above 300 °C; Required for C 16H 14F 3N 3 O2 : C, 56.97; H, 

4.18; N, 12.46%; Found: C, 56.63; H, 4.12; N, 12.26 %; Calculated for C ,6 Hi4N 3 0 2 F 3Na 

m/z =  360.0936 [M + Na]. Found m/z = 360.0939; 'H  NM R (400 MHz, Jrt-(CD3 )2 SO, 6 h) 

9.87 (br s, 1H, NH), 9.05 (br s, 1H, NH), 8.71 (s, 1H, NH), 7.64 (d, 4H, CH, J  = 9.0 Hz), 

7.50 (d, 2H, CH, J =  9.0 Hz), 7.38 (d, 2H, CH, = 9.0 Hz), 2.02 (s, 3H, CH 3); '^C N M R (100 

MHz, Jrt-(CD3 )2 SO, 5c) 167.98, 152.31, 143.52, 134.45, 134.08, 126.08, 125.90, 119.64, 

1 18.95, 117.75, 23.83; '^F NM R (376 MHz, ^^rt-(CD3 )2 SO, 5p) -60.54 (CFj); MS (ES^) m/z: 

360.09 [M + Na]; IR D^ax (cm ') 3330, 3275, 3144, 3089, 1693, 1647, 1605, 1546, 1512, 

1403, 1318, 1303, 1242, 1214, 1185, 1162, 1102, 1066, 1015, 969, 839, 824, 788, 757, 

670.

N-{3-[3-(4-Trifluorom ethyI-phenyl)-ureido]-phenyl}-acetam ide (72)

72 was synthesised according to Procedure 3, using N-
H H
' ' (3-Am ino-phenyl)-acetam ide (81) (0.09 g, 0.57 mmol),

and trifluoro-p-tolyl isocyanate (0 . 1 2  g, 0.62 mmol). 

The product was isolated and recrystallised from a 

m ixture o f  CH 3CN:H 2 0  to yield the pure compound as an o ff  white solid (0.13 g, 70% 

yield), m.p. 202-205 °C; Required for C 16H 14F 3N 3 O2 .H 2 O: C, 54.09; H, 4.54; N, 11.83%;
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Found: C, 53.66; H, 4.40; N, 11.76%; Calculated for C i6Hi4N 3 0 2 F3Na m/z = 360.0936 [M 

+ Na]. Found m/z = 360.0947; 'h  NMR (400 MHz, c/rt-(CD3)2 SO, 5h) 9.95 (br s, IH, NH),

9.04 (broad s, IH, NH), 8.87 (br s, IH, NH), 7.79 (s, IH, CH), 7.65 (d, 4H, CH, J  = 9.0 

Hz), 7.20 (m, 3H, CH), 2.04 (s, 3H, CH 3); '^C NMR (100 MHz, c/HCD 3)2 SO, 6 c) 168.36, 

152.16, 143.45, 139.80, 139.57, 128.99, 126.11, 126.07, 125.90, 123.22, 121.86, 121.55, 

117.75, 113.01, 112.94, 108.95, 24.04; 'V  NMR (376 MHz, ^/HCD3)2 SO, 5f) -60.56 

(CF3); MS (ES^) m/z\ 338.13 [M + H], 360.09 [M + Na]; IR (cm '') 3299, 1640, 1599, 

1545, 1441, 1408, 1327, 1292, 1222, 1165, 1128, 1107, 1067, 1016, 964, 880, 841, 779, 

750,690.

N-{2-[3-(4-Trifluoromethyl-phenyI)-ureidol-phenyl}-acetaiiiide (73)

73 was synthesised according to Procedure 3, using N-(2- 

Amino-phenyl)-acetamide (82) (0.08 g, 0.53 mmol), and 

trifluoro-p-tolyl isocyanate (0.10 g, 0.54 mmol). The 

product was isolated and recrystallised from a mixture o f 

CHCbiCHsOH to yield the pure compound as a white 

solid (0.16 g, 8 8 % yield), m.p. 204-206 °C; Required for C 16H 14F3N 3O 2 . 1 /4 CHCI3 : C, 

53.16; H, 3.91; N, 11.44%; Found: C, 53.50; H, 3.88; N, 11.54%; Calculated for 

C ,6Hi4N 3 0 2 F3Na m/z = 360.0936 [M + Na]. Found m/z = 360.0940; 'H NMR (400 MHz, 

t/6-(CD3)2SO, 6 h) 9.68 (s, 1H, NH), 9.66 (s, 1H, NH), 7.99 (s, 1H, NH), 7.81 (d, 1H, CH, J  

= 8.5 Hz), 7.66 (d, 4H, CH, J  = 8.5 Hz), 7.26 (d, 1H, CH, J  = 8.0 Hz), 7.19 (t, 1H, CH, J  =

7.5 Hz, 8.0 Hz), 7.06 (t, IH, CH, J =  8.0 Hz, 7.5 Hz), 2.11 (s, 3H, CH3); '^C NMR (100 

MHz, t/rt-(CD3)2 SO, 6 c) 169.26, 152.44, 143.64, 133.18, 128.70, 121.79, 121.47, 126.09, 

125.92, 125.82, 123.23, 122.85, 117.72, 23.29; 'V  NMR (376 MHz, JH C D 3)2SO, 5f) - 

60.54 (CF3); MS (ES^) m/z\ 360.09 [M + Na]; IR u^ax (cm‘‘) 3253, 3188, 3123, 3053, 1678, 

1649, 1605, 1542, 1503, 1475, 1440, 1408, 1316, 1248, 1165, 1108, 1067, 1042, 1015, 

969, 951,849, 821,746, 673.
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6.6 Synthetic procedures for Chapter 4 and Chapter 5 

[l,10|Phenanthrolin-5-ylamine (89)

NH, To a solution o f  5-nitro-l,10-phenanthroline (2.0 g, 8 . 8 8  mmol) in 

EtOH (50mL) was added Pd/C. To this, a solution o f  hydrazine 

monohydrate (1.38 mL, 0.04 mol) in EtOH (10 mL) was added

dropwise. The reaction mixture was stirred at 95°C overnight under

an argon atmosphere. The mixture was filtered, while hot, through celite to yield a yellow 

solution. The solvent was then removed under reduced pressure to yield a yellow solid. 

This solid was washed twice with diethyl ether to yield a pale yellow solid (1.60 g, 92% 

yield), m.p. 248-250°C (lit. m.p. 245-246°C)^^® Calculated for C 1 2H 10N 3 m/z = 196.0875 [M 

+ H]. Found m/z = 196.0880. 'H NMR (400 MHz, c/6 -(CD3)2 SO, 5h): 9.06 (d, IH, CH, J  = 

4.0 Hz), 8.69 (m, 2H, CH), 8.04 (d, IH, CH, J  = 8.0 Hz), 7.74 (dd, IH, CH, J = 4 . 0  Hz),

7.50 (dd, IH, CH, J  = 4.5 Hz), 6.89 (s, IH, CH), 6.19 (s, 2H, NH 2 ); '^C NMR (100 MHz,

^ / 6 - ( C D 3 ) 2 S 0 ,  6 c ) :  149.37, 146.16, 144.83, 142.71, 140.47, 132.74, 130.88, 130.59, 123.23, 

122.09, 121.83, 101.76; MS (ES^ m/z = 196.09 [M + H]; IR (cm ') 3415, 3319, 3217, 

1635, 1610, 1593, 1562, 1505, 1488, 1455, 1427, 1406, 1303, 1127, 1107, 1034,884, 841, 

825 ,812,739 ,710, 661.

l-|l,10|Phenanthrolin-5-yl-3-(4-trifluoromethyl-phenyl)-urea (87)

NH

Q To a suspension o f  the amine (89) (1.0 g, 5.12

.p mmol) in CHCI3 (40 mL) trifluoro-p-tolyl 

isocyanate (0.79 mL, 5.63 mmol) was added. After 

five minutes all the amine was dissolved, and a 

dark yellow solution was observed. The reaction 

mixture was stirred overnight at room temperature, under an argon atmosphere. An off 

white precipitate was observed on the reaction vessel. This precipitate was filtered and 

washed with cold CHCI3 . The obtained solid was recrystallised from MeOH to yield a pale 

solid (1.38 g, 8 8 % yield), m.p. decomposes above 290°C; Calculated for C2 0 H 14N 4 OF3 m/z 

= 383.1120 [M + H]. Found zw/z = 383.1107. 'h  NMR (400 MHz, /̂6 -(CD3 )2 SO, 5 h ) :  9.55 

(b rs , IH, NH), 9.16 (d, \H, phen-C H ,J = A.O Hz), 9.12 (br s, IH, NH), 9.00 (d, m ,p h e n -
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CH, J = 4 . 0  Hz), 8.65 (d, \H,  phen-CH, J  = 8.5 Hz), 8.43 (d, \H,  phen-CH, J  = 8.0 Hz), 

8.39 (s, \ W,phen-CW),  7.89 (dd, IH,phen-CH,  J  = 4.0 Hz, J  = 4.0 Hz), 7.72 (m, 5H,phen-  

CH + Ar-CH); '^C N M R (100 MHz, c/6-(CD 3)2SO, 5c): 152.87, 149.87, 148.74, 145.89, 

143.34, 143.13, 135.61, 132.08, 130.44, 128.50, 126.25, 126.22, 123.77, 123.68, 122.95, 

122.21, 118.01, 116.07; NM R (376 MHz, J 6-(CD 3)2SO, 6f ): -60.58 (CFj); MS (ES^) 

m/z = 383.1 1 (M + H). IR w  (cm '‘) 3394, 3284, 3211, 3089, 1711, 1613, 1563, 1505, 

1 472 ,1411 ,1377 , 1329, 1310,1270, 1202, 1162, 1153, 1108, 1097, 1066, 1017,988, 945, 

878, 848, 826, 803, 737, 711, 691.

Europium  com plex o f 87, Eu:8?3

To a suspension o f  the urea (87) 

(0.10 g, 0.26 mmol) in C H 3CN 

(20 mL) was added E u(C p3S0 3 ) 3  

(0.06 g, 0.11 mmol). W ithin few 

m inutes a clear yellow solution 

w as observed. The reaction 

m ixture was stirred overnight, at 

room  tem perature under an argon 

atmosphere. The precipitate was 

isolated by filtration, and dried 

under vacuum  to produce a

bright yellow  solid in (0.13 g,

CF3 28%  yield). 'H NM R (600 MHz, 

J 6-(CD 3)2S0 , 5 h ):9 .5 2 (s , 1H, NH), 9 .1 5 (b rs , lH,/?/?e«-CH), 9.10 (s, IH, NH), 8.98 (br s, 

\H ,phen-CH) ,  8.64 (d, \ H,phen-CH, J  = 8 . 6  Hz), 8.43 (d, \H ,phen -C H ,  J  = 7.6 Hz), 8.35 

(s, \H,  phen-CH),  7.88 (br s, IH, phen-CH),  7.74 (d, 2H, Ar-CH, J  = 8 . 6  Hz), 7.70 (br s, 

\H ,phen-C H) ,  7.69 (d, 2H, Ar-CH, J =  8 . 6  Hz); ‘^F NM R (376 M Hz, t/6-(CD 3)2 SO, 5 f ): - 

60.56 (CF 3), -78.29 (CF3SO3); MS (ES") m/z = 558.00 [{U-2phen ligands) + Na] 648.95

[M/2], 684.91 [(M/2) + 2 H2O].; IR w  (cm '')  3334, 1656, 1605, 1542, 1412, 1314, 1223,

1160 ,1107 ,1066 ,1026 , 844, 808, 733, 719, 695.
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General Conclusion

The work described in this Thesis accounts for the synthesis, characterisation and 

photophysical evaluation o f  novel sensors for anions. Detailed analysis o f  the binding 

interactions between such sensors and various anions were carried out through 

spectrophotometric measurements. Furthermore, binding constants for such binding 

interactions were determined using the non-linear least-squares regression program 

SPECFIT. In order to further corroborate the obtained results, other techniques will be 

pursued in the future. Techniques such as 'H-NMR, ^'P-NMR, detailed lifetime 

measurements and computational studies would definitely contribute to further substantiate 

as well as to better understand the results presented and discussed herein.

In Chapter 2, a novel cyclen based lanthanide luminescent sensor (Tb.61) has been 

developed by taking advantage o f  a combination o f  hydrogen bonding and /-m etal ion 

coordination binding sites for anionic species. This sensor was found to display good 

selectivity for H2 PO4  over other competitive anions such as CH3COO'. Analysis of the 

data gathered from the experimental procedures clearly showed the ability o f  the 

Tb(III) complex to signal the presence o f  anions in CH3CN, through muUiple binding 

interactions. Amongst the techniques mentioned above, although at much higher 

concentrations, ^'P-NMR titrations would potentially help to clarify the binding 

interactions between Tb.61 and H2PO4'. However for the remaining anions, analysis using 

NMR ('H-NMR titrations) are expected to be difficult due to the presence o f  the 

paramagnetic metal ion. Lanthanide lifetime measurements would be one o f  the best 

methods to corroborate the hypothesis presented for the direct binding o f  the anions to the 

Tb(III) centre, by displacement o f  solvent molecules. Nevertheless, the experimental 

procedure would have to be carried out in water or protic solvents in order to be able to 

calculate the number o f  bound water molecules {q), in the absence and presence o f  the 

anions. It should, however, be taken in consideration that the use o f  another solvent would 

potentially lead to different results, due to possible hydrogen bonding interactions between 

the sensor and the protic solvents.

Chapter 3 describes the synthesis o f  three new structurally simple anion receptors, 71- 

73, based on the use o f  combined aryl amide and urea moieties as hydrogen bonding sites. 

These receptors differ only in the relative position o f  the amide moiety to that o f  the urea
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functionality. This simple modification was shown to play a major role in the binding 

interactions o f the various anions to these receptors. For these structurally simple receptors, 

'H-NMR titrations upon addition o f anions are expected to fijrther elucidate the binding 

mechanisms. An additional method for acquiring further information would be to the take 

advantage o f computational studies, such as DFT calculations, which are being carried out 

at present.

The development o f a phen  based heteroditopic receptor (87) has been reported in 

Chapter 4. The ability o f such urea flinctionalised receptor to work as a selective 

fluorescent sensor for chloride in CH3CN was demonstrated. Such receptor was also shown 

to bind strongly with transition metals such as Cu(II) and Fe(ll), giving rise to the 

formation o f the 1:2 (metal:receptor) stoichiometry. The metal was found to induce 

enhancements in the anion binding affinity, resulting in higher binding constants than those 

observed for the simple urea based receptor. As already mentioned above, 'H-NMR 

titrations would give valuable additional information regarding the binding process 

between the sensor and the anions studied.

Chapter 5 discusses the formation, characterisation, and photophysical studies o f  a 

novel supramolecular self-assembly complex (Eu;8?3), between Eu(III) and die phen  based 

heteroditopic receptor. The lanthanide luminescence o f the Eu(III) was 'switched on' in the 

presence o f  87, establishing the sensitization o f the metal ion by this receptor. Furthermore, 

it was demonstrated that the luminescence intensity o f the novel self-assembly system 

Eu:873 changes dramatically in the presence o f anions, which provides the possibility to 

employ this complex as a luminescent sensor for anions. Although, the mechanism through 

which the anions are interacting with Eu:873 is yet not clear, the most probable path is 

likely to be the dissociation o f the complex due to the displacement o f the ligand molecules 

by the anions. To further enlighten the mechanism through which the anions bind to this 

system, lanthanide lifetime measurements (as described above for Chapter 2) would be 

expected to provide very useful information.
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Appendix AO -  Binding Constants (log K) determ ination

W ithin this body o f  work, the binding constants have been determined by using the

nonlinear least-squares program  SPECFIT/32™, which is a m ultivariate data analysis

program  for m odeling and fitting experimental data sets (such as chemical kinetics and

equilibrium  titrations) obtained from m ultivariate spectrophotom etric measurem ents. The

fitting m ethodology, which relies on the use o f  various mathematical param eters'^ ', uses

the Levenberg-M arquardt procedure to minimise the least-squares residuals between the
162data set and the model system. In order to solve the num ber o f  species (speciation) 

present at equilibrium, SPECFIT takes advantage o f  the New ton-Raphson method. The 

m odel used specifies various states o f  interaction, for instance com plexation between two 

species, in term s o f  the overall stability constants (jS). Considering the two stepwise 

equilibrium  process involved in the binding interaction between a host (M) and a guest (L) 

to foiTn the 1:2 (ML2) complex, the equilibrium constants AT/ and K:  implicated in the 

interaction can be expressed using Equation AO.l and Equation A0.2.

M + L — [ML] E q u ation  A 0.1

K,
[ML] + L --------— [ML2] E q u a tio n  A 0 .2

The stepwise binding constants K /  and K2 can be determined using Equations AOJ and 

A0.4.

[ML]
K, =   E q u ation  A 0 .3

[M] [L]

[ML^]
Kj =   E q u ation  A 0 .4

[ML] [L]

The overall equilibrium constant for this process, jS/ 2, is the product o f  the two stepwise 

constants K;  and K2 (|S = K1.K2). SPECFIT yields binding constants as cum ulative log /S
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values. So, for the 1:2 (M :L2) equilibrium process this is translated by the log |3/ 2 , which  

represents the sum o f  the individual constants (log |3/ 2 =  log Ki + log Ki). Therefore, for 

any multi-step equilibrium, by subtraction o f  successive log ^  values, the log K  for each  

equilibrium step can then be determined.
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Appendix 1 -  Crystallographic data 

Al . l :  Crystallographic data for 71

Identification code 

Empirical formula 
Formula weight 

Temperature 
Wavelength 

Crystal system 
Space group 

Unit cell dimensions

Volume
Z
Density (calculated) 
Absorption coefficient 
F(OOO)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections

Completeness to theta = 25.00°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on

Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole

a =  90°.
P= 105.585(2)° 

y = 90°.

cs030m
C 16H 14F3 N3 02  

337.30 
150 K 
0.71073 A 
Monoclinic 

P2(l)/c
a =  11.9903(12) A 
b = 7.6035(8) A 
c =  17.4995(18) A 
1536.7(3) A3 

4
1.458 Mg/m3 

0.123 mm"^
696
0.31 X 0.11 x0.05 mm3 
1.76 to 25.00°.
-13 ^  <14,-9  ^  <9, -20 ^  ^ 0  
11791
2701 [R(int) = 0.0560]
100 .0 %

Sadabs
Full-matrix least-squares on F^

2701 / 0 / 2 1 8  
1.007
R1 = 0.0477, wR2 = 0.1048 
R1 =0.0910, wR2 = 0.1224 
0.231 and -0.152e.A '3
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Al. l . l :CIFf i le for71

data_cs030m

_audit_creation_method SHELXL-97
_chemical_name_systematic

chemical_name_cominon ?
chemical_melting_point ?
chemical_formula_moiety ?
chemical_formula_sum 
'C16 H14 F3 N3 02'
chemical_formula_weight 337.30

loop_
_atom_type_symbo1 
_atom_type_description 
_atom_type_scat_dispersion_real 
_atom_type_scat_dispersion_imag 
_atom_type_scat_source
'C 'C 0.0033 0,. 0016
'International Tables Vol C Tables 4.2.6.8 and 6 .1. 1. 4 '
'H' 'H' 0.0000 0,. 0000
'International Tables Vol C Tables 4.2.6.8 and 6.1.1.4'
'N' 'N' 0.0061 0,. 0033
'International Tables Vol C Tables 4.2.6.8 and 6 . 1. 1. 4 '
'O' 'O' 0.0106 0,.0060
'International Tables Vol C Tables 4.2.6.8 and 6 .1. 1. 4 '
' F' 'F' 0.0171 0..0103
'International Tables Vol C Tables 4.2.6. 8 and 6.1.1.4'

_symmetry_cell_setting Monoclinic
_symmet ry_space_group_name_H-M P2(1)/c

loop_
_s ymme t r y_e quiv_pos_as_xyz 
'x, y, z'
'-X, y+1/2, -z+1/2'
'-X, -y, -z'
'X, -y-1/2, z-1/2'

_cell_length_a 11.9903(12)
_cell_length_b 7.6035(8)
_cell_length_c 17.4995(18)
_cell_angle_alpha 90.00
_cell_angle_beta 105.585(2)
_cell_angle_gamma 90.00
_cell_volume 1536.7(3)
_cell_formula_units_Z 4
_cell_measurement_temperature 571 (2)
_cell_measurement_reflns_used 164 4
_cell_measurement_theta_min 2.42
cell measurement theta max 19.71
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_exptl_crystal_description
_exptl_crystal_colour
_exptl_crystal_size_max
_exptl_crystal_size_mid
_exptl_crystal_size_min
_exptl_crystal_density_meas
_exptl_crystal_density_diffrn
_exptl_crystal_density_method
_exptl_crystal_F_000
_exptl_absorpt_coefficient_mu
_exptl_absorpt_correction_type
_exptl_absorpt_correction_T_min
_exptl_absorpt_correction_T_max
_exptl_absorpt_process_details
38. '

plate
colourless
0.31
0.11
0.05
7
1.458
'not measured'
696
0.123
'multi-scan'
0.880285 
1.0000
'Blessing, Acta Cryst. (1995) A51 33

exptl_special_details

9

diffrn_ambient_temperature
diffrn_radiation_wavelength
diffrn_radiation_type
diffrn_radiation_source
diffrn_radiation_monochromator
dif frn_measurement_device_type
dif frn_measurement_method
diffrn_detector_area_resol_mean
diffrn_standards_number
dif frn_standards_interval_count
diffrn_standards_interval_time
di f frn_standards_decay_%
diffrn_reflns_number
diffrn_reflns_av_R_equivalents
diffrn_reflns_av_sigmal/netl
diffrn_reflns_limit_h_min
di f f rn_re flns_limi t_h_max
diffrn_reflns_limit_k_min
dif frn_reflns_limit_k_max
diffrn_reflns_limit_l_min
di f f rn_re fin s_limi t_l_ma x
diffrn_reflns_theta_min
diffrn_reflns_theta_max
reflns_number_total
reflns_number_gt
reflns_threshold_expression

computing_data_collection 
computing_cell_refinement 
computing_data_reduction 
computing_structure_solution 
comput i ng_st ructure_r e fi nement 
computing_molecular_graphics 
computing_publication_material

refine_special_details

571 (2)
0.71073
MoK\a
'fine-focus sealed tube' 
graphite
'CCD area detector'
'phi and omega scans'
7
7
7
7
7
11791
0.0560
0.0463
-13
14
-9
9
-20
20
1.76
25.00
2701
1702
>2sigma(I)

'Bruker SMART'
'Bruker SMART'
'Bruker SAINT'
'SHELXS-97 (Sheldrick, 1990)' 
'SHELXL-97 (Sheldrick, 1997)' 
'Bruker SHELXTL'
'Bruker SHELXTL'
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Refinement of F''2^ against ALL reflections. The weighted R-factor wR 
and
goodness of fit S are based on conventional R-factors R are based
on F, with F set to zero for negative F^2^. The threshold expression of
F^2^ > 2sigma (F"'2'̂ ) is used only for calculating R-factors (gt) etc. and

i s
not relevant to the choice of reflections for refinement. R-factors 

based
on F''2'' are statistically about twice as large as those based on F, and 

R-
factors based on ALL data will be even larger.

_refine_ls_strueture_factor_coef Fsqd 
_refine_ls_matrix_type full
_refine_ls_weighting_scheme calc
_refine_ls_weighting_details 
'calc w=l/[\s^2''(Fo^2'') + (0. 0584P)''2''+0. 0788P] where P= (Fo''2''+2Fc"2^)/3 ' 

_atom_sites_solution_primary 
_atom_sites_solution_secondary 
_atom_sites_solution_hydrogens 
_refine_ls_hydrogen_treatment 
_refine_ls_extinction_method 
_refine_ls_extinction_coef 
_refine_ls_number_refIns 
_refine_ls_number_parameters 
_refine_ls_number_restraints 
_re f i ne_ls_R_fac t or_a11 
_refine_ls_R_factor_gt 
_refine_ls_wR_factor_ref 
_refine_ls_wR_factor_gt 
_refine_ls_goodness_of_fit_ref 
_ref ine_ls_restrained_S_all 
_refine_ls_shift/su_max 
_refine_ls_shift/su_mean

loop_
_atom_site_label 
_atom_site_type_symbol 
_atom_site_fract_x 
_atom_site_fract_y 
_atom_site_fract_z 
_a t om_ site_U_is o_o r_e qu i v 
_atom_site_adp_type 
_atom_site_occupancy 
_atom_site_symmetry_multiplicity 
_atom_site_calc_flag 
_atom_site_refinement_flags 
_atom_site_disorder_assembly 
_atom_site_disorder_group

02 0 0.68790(16) -0.0091(2) 0.17175(9) 0.0582(5) Uani l i d .  . .
01 0 0.31619(17) 0.8452(2) 0.08726(10) 0.0651(6) Uani l i d .  . .
N3 N 0.34717(18) 0.6401(3) 0.18377(11) 0.0491(6) Uani l i d .  . .
H3 H 0.3297 0.6099 0.2265 0.059 Uiso 1 1 calc R . .
N1 N 0.73440(19) -0.0585(3) 0.05578(11) 0.0533(6) Uani l i d .  . .
HI H 0.7272 -0.0162 0.0091 0.064 Uiso 1 1 calc R . .

direct
difmap
geom
constr
none
7
2701
218
0
0.0910 
0.0477 
0.1224 
0.1048
1.007
1.007 
0.001 
0.000
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C14 C 0.2990(2) 0.7876(4) 0.14860(14) 0.0511(7) Uani l i d .  . .
F2 F 1.08767(16) -0.6864(2) 0.14716(10) 0.0833(6) Uani l i d .  . .
C6 C 0.7961(2) -0.2161(3) 0.07345(13) 0.0445(6) Uani l i d .  . .
C8 C 0.5640(2) 0.2965(3) 0.10307(13) 0.0451(6) Uani l i d .  . .
F3 F 0.93659(17) -0.8053(2) 0.16524(11) 0.0914(6) Uani l i d .  . .
C5 C 0.8047(2) -0.3193(3) 0.01028(14) 0.0530(7) Uani l i d .  . .
H5 H 0.7718 -0.2805 -0.0413 0.064 Uiso 1 1 calc R . .
C7 C 0.6845(2) 0.0356(4) 0.10394(14) 0.0476(7) Uani l i d .  . .
CIO C 0.4176(2) 0.3505(3) 0.16986(14) 0.0482(7) Uani l i d .  . .
HIO H 0.3664 0.3081 0.1971 0.058 Uiso 1 1 calc R . .
C12 C 0.5046(2) 0.5913(3) 0.12113(15) 0.0528(7) Uani l i d .  . .
H12 H 0.5122 0.7117 0.1147 0.063 Uiso 1 1 calc R . .
FI F 0.96369(17) -0.8030(2) 0.04953(11) 0.0862(6) Uani l i d .  . .
N2 N 0.6298(2) 0.1827(3) 0.06891(12) 0.0584(6) Uani l i d .  . .
H2 H 0.6358 0.2083 0.0223 0.070 Uiso 1 1 calc R . .
C9 C 0.4857(2) 0.2341(4) 0.14227(13) 0.0486(7) Uani l i d .  . .
H9 H 0.4791 0.1139 0.1499 0.058 Uiso 1 1 calc R . .
Cll C 0.4241(2) 0.5281(3) 0.15788(13) 0.0428(6) Uani l i d .  . .
Cl C 0.9122(2) -0.5358(3) 0.09810(14) 0.0497(7) Uani l i d .  . .
C13 C 0.5733(2) 0.4756(4) 0.09425(15) 0.0556(7) Uani l i d .  . .
H13 H 0.6273 0.5190 0.0696 0.067 Uiso 1 1 calc R . .
C4 C 0.8612(2) -0.4783(4) 0.02238(15) 0.0559(7) Uani l i d .  . .
H4 H 0.8649 -0.5471 -0.0208 0.067 Uiso 1 1 calc R . .
C3 C 0.8483(2) -0.2722(4) 0.14955(14) 0.0568(7) Uani l i d .  . .
H3A H 0.8451 -0.2031 0.1927 0.068 Uiso 1 1 calc R . .
C15 C 0.2190(3) 0.8798(4) 0.18786(18) 0.0794(10) Uani l i d .  . .
H15A H 0.2538 0.9880 0.2108 0.119 Uiso 1 1 calc R . .
H15B H 0.2048 0.8060 0.2288 0.119 Uiso 1 1 calc R . .
H15C H 0.1471 0.9045 0.1492 0.119 Uiso 1 1 calc R . .
C2 C 0.9053(2) -0.4309(4) 0.16124(15) 0.0571(7) Uani l i d .  . .
H2A H 0.9399 -0.4686 0.2127 0.069 Uiso 1 1 calc R . .
C16 C 0.9733(3) -0.7048(4) 0.11376(17) 0.0633(8) Uani l i d .  . .

loop_
_atom_site_aniso_label 
_atom_site_aniso_U_ll 
_atom_site_aniso_U_22 
_atom_site_aniso_U_33 
_a t om_s i t e_a n i s o_U_2 3 
_atom_site_aniso_U_13 
_atom_site_aniso_U_12 

02 0.0832(14) 0.0617(12) 0.0370(9) 0.0044(9) 0.0290(9) 0.0149(10)
01 0.0942(15) 0.0634(12) 0.0470(11) 0.0173(9) 0.0350(10) 0.0182(11)
N3 0.0671(15) 0.0532(14) 0.0332(11) 0.0065(10) 0.0242(11) 0.0092(12)
N1 0.0740(15) 0.0584(14) 0.0327(11) 0.0080(10) 0.0235(11) 0.0172(13)
C14 0.0670(19) 0.0533(17) 0.0372(14) 0.0002(13) 0.0214(13) 0.0039(14)
F2 0.0666(12) 0.0943(14) 0.0854(13) 0.0082(10) 0.0140(10) 0.0243(10)
06 0.0516(16) 0.0487(16) 0.0366(13) 0.0072(12) 0.0178(12) 0.0017(13)
08 0.0552(16) 0.0477(16) 0.0359(13) 0.0010(12) 0.0184(12) 0.0065(13)
F3 0.1127(15) 0.0752(13) 0.0953(14) 0.0368(11) 0.0432(12) 0.0211(11)
05 0.0624(18) 0.0662(19) 0.0310(13) 0.0011(12) 0.0137(12) 0.0115(15)
07 0.0586(17) 0.0527(17) 0.0357(13) -0.0018(12) 0.0197(12) -0.0014(14) 
010 0.0535(16) 0.0542(17) 0.0422(14) 0.0083(12) 0.0220(13) 0.0015(14) 
012 0.0667(18) 0.0437(16) 0.0569(16) -0.0001(13) 0.0321(15) -0.0035(14) 
FI 0.1163(15) 0.0662(11) 0.0753(12) -0.0074(10) 0.0242(11) 0.0208(10)
N2 0.0835(17) 0.0590(15) 0.0429(12) 0.0107(11) 0.0345(12) 0.0182(13)
09 0.0586(17) 0.0434(15) 0.0468(15) 0.0071(12) 0.0197(13) -0.0013(13)
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Cll 0.0517(16) 0.0482(16) 0.0305(12) 0.0004(11) 0.0143(12) -0.0003(13)
Cl 0.0551(17) 0.0513(16) 0.0442(15) 0.0039(13) 0.0156(13) 0.0019(14)
C13 0.0631(18) 0.0562(18) 0.0568(16) 0.0060(14) 0.0320(14) -0.0024(15)
C4 0.0648(18) 0.0643(19) 0.0404(14) -0.0049(13) 0.0170(13) 0.0110(15)
C3 0.076(2) 0.0606(18) 0.0337(13) -0.0013(13) 0.0141(13) 0.0108(16)
C15 0.104(3) 0.078(2) 0.070(2) 0.0117(17) 0.048(2) 0.029(2)
C2 0.0667(19) 0.0660(19) 0.0366(14) 0.0085(13) 0.0105(13) 0.0078(16)
C16 0.073(2) 0.065(2) 0.0522(17) 0.0100(16) 0.0173(16) 0.0111(17)

_geom_special_details
t

All esds (except the esd in the dihedral angle between two l.s. planes) 
are estimated using the full covariance matrix. The cell esds are ta)<en 
into account individually in the estimation of esds in distances, angles 
and torsion angles; correlations between esds in cell parameters are 

only
used when they are defined by crystal symmetry. An approximate 
(isotropic)
treatment of cell esds is used for estimating esds involving l.s. 

planes.

loop_
_geom_bond_atom_site_label_l 
_geom_bond_atom_site_label_2 
_geom_bond_distance 
_geom_bond_site_symmetry_2 
_geom_bond_publ_flag
02 C7 1.225(3) . 7
01 C14 1.227(3) 7>
N3 C14 1.334 (3) ■p
N3 Cll 1.416(3) 7
N1 C7 1.360(3) . ■p
N1 C6 1.398(3) . 7
C14 C15 1.496(4) 7
F2 C16 1.346(3) 7
C6 C3 1.378(3) . 7
C6 C5 1.382(3) . 7
C8 C13 1.379(3) 7
C8 C9 1.387(3) . 7
C8 N2 1.408(3) . 7
F3 C16 1.342(3) 7
C5 C4 1.374(3) . 7
C7 N2 1.357(3) . 7
CIO Cll 1.372(3) 7
CIO C9 1.376(3) 7
C12 C13 1.372(3) 7
C12 Cll 1.383(3) 7
FI C16 1.328(3) 7
Cl C4 1.373(3) . 7
Cl C2 1.383(3) . 7
Cl C16 1.468(4) 7
C3 C2 1.374(4) . 7

loop_
_geom_angle_atom_site_label_l
_geom_angle_atom_site_label_2
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_geom_angle_atoin_site_label_3
_geom_angle
_geom_ang1e_site_symmetr y_l 
_geom_angle_site_symmetry_3 
_geom_angle_publ_flag 

C14 N3 Cll 126.61(19) . . ?
C7 N1 C6 127.4 (2) . . ?
01 C14 N3 123.4(2) . . ?
01 C14 C15 120.9(2) . . ?
N3 C14 C15 115.7 (2) . . ?
C3 C6 C5 119.0(2) . . ?
C3 C6 N1 123.7(2) . . ?
C5 C6 N1 117.3(2) . . ?
C13 C8 C9 118.6(2) . . ?
C13 C8 N2 119.2(2) . . ?
C9 CB N2 122.1(2) . . ?
C4 C5 C6 121.1(2) . . ?
02 C7 N2 123.6(2) . . ?
02 Cl N1 123.3(2) . . ?
N2 C7 N1 113.2(2) . . ?
Cll CIO C9 121.1 (2) . . ?
C13 C12 Cll 119.7 (2) . . ?
Cl N2 C8 124.9(2) . . ?
CIO C9 C8 119.9(2) . . ?
CIO Cll C12 119.2(2) . . ?
CIO Cll N3 118.3(2) . . ?
C12 Cll N3 122.4 (2) . . ?
C4 Cl C2 118.7(2) . . ?
C4 Cl C16 122.0(2) . . ?
C2 Cl C16 119.3(2) . . ?
C12 C13 C8 121.4 (2) . . ?
Cl C4 C5 120.1(2) . . ?
C2 C3 C6 119.6(2) . . ?
C3 C2 Cl 121.4(2) . . ?
FI C16 F3 106.2(3) . . ?
FI C16 F2 105.8(2) . . ?
F3 C16 F2 104 .3(2) . . ?
FI C16 Cl 114.1(2) . . ?
F3 C16 Cl 112.7 (2) . . ?
F2 C16 Cl 112.9(3) . . ?

_diffrn_measured_fraction_theta_max 1.000
_diffrn_reflns_theta_full 25.00
_diffrn_measured_fraction_theta_full 1.000
_refine_diff_density_max 0.231
_refine_diff_density_min -0.152
_refine_dif f_density_rins 0.038
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A 1.2 : Crystallographic data for 72.CH3OH

Identification code 
Empirical formula 

Formula weight 

Temperature 
Wavelength 

Crystal system 
Space group 

Unit cell dimensions

Volume
Z

Density (calculated) 
Absorption coefficient 
F(OOO)
Crystal size
Theta range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to theta = 31.24° 
Max. and min. transmission 

Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F^

Final R indices [I>2sigma(I)]
R indices (all data)
Absolute structure parameter 
Extinction coefficient 
Largest diff. peak and hole

a =  87.993(13)°. 
p= 89.247(17)°. 
y = 88.20(2)°.

cs082

C8.50 H9 CIO F 1.50 N 1.50 0 1 .50

184.67
150 K
0.71070 A
triclinic
PI
a = 4.649(3) A  
b = 6.738(5) A  
c = 13.324(10) A  
416.9(5) A3 

2
1.471 Mg/m3 
0.124 m m 'l 
192
0.20 X 0.20 x 0.08 m m 3  

3.03 to 31.24°.
-6 ^  ^ , - 9  ^  < 9 ,-19  <1 <18 
8994
4404 [R(int) = 0.0316]
90.6 %
0.9901 and 0.9756 
Full-matrix least-squares on F^ 
4404 / 3 / 242 

0.980
R1 = 0.0520, wR2 = 0.1331 
R1 = 0.0643, wR2 = 0.1445 
0.7(8)
0.070(11)
0.309 and -0.487 e .A '3
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A 1.2.1: GIF file for 72.CH3O H

data_cs082

_audit_creation_method SHELXL-97
_chemical_name_systematic

chemical_name_coinmon ?
chemical_melting_point ?
chemical_formula_moiety ?
chemical_formula_sum 
'C17 H18 C20 F3 N3 03'
chemical_formula_weight 368.34

loop_
_a t om_t yp e_s ymb o 1
_atom_type_description
_atom_type_scat_dispersion_real
_atom_type_scat_dispersion_imag
_atom_type_scat_source
'C 'C 0.0033 0.0016
'International Tables Vol C Tables 4.2.6.8 
'H' 'H' 0.0000 0.0000
'International Tables Vol C Tables 4.2.6.8 
■Cl' 'Cl' 0.1484 0.1585
'International Tables Vol C Tables 4.2.6.8 
'F' 'F' 0.0171 0.0103
'International Tables Vol C Tables 4.2.6.8 
'N' 'N' 0.0061 0.0033
'International Tables Vol C Tables 4.2.6.8 
'O' 'O' 0.0106 0.0060
'International Tables Vol C Tables 4.2.6.8

_symmetry_cell_setting Triclinic
_symmetry_space_group_name_H-M PI

loop_
_symmetry_equiv_pos_as_xyz 
'x, y, z'

_cell_length_a 4.649(3)
_cell_length_b 6.738(5)
_cell_length_c 13.324(10)
_cell_angle_alpha 87.993(13)
_cell_angle_beta 89.247(17)
_cell_angle_gamma 88.20(2)
_cell_volume 416.9(5)
_cell_formula_units_Z 1
_cell_measurement_temperature 108 (2)
_cell_measurement_reflns_used ?
_cell_measurement_theta_min ?
_cell_measurement_theta_max ?

_exptl_crystal_description prism

and 6.1.1. 4' 

and 6 .1.1. 4 ' 

and 6 .1.1.4' 

and 6.1.1.4' 

and 6 .1.1.4' 

and 6 .1.1.4'
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_exptl_crystal_colour
_exptl_crystal_size_max
_exptl_crystal_size_mid
_exptl_crystal_size_min
_exptl_crystal_density_meas
_exptl_crystal_density_di ffrn
_exptl_crystal_density_method
_exptl_crystal_F_000
_exptl_absorpt_coefficient_mu
_exptl_absorpt_correction_type
_exptl_absorpt_correction_T_min
_exptl_absorpt_correction_T_max
_exptl_absorpt_process_details
38. ’

_exptl_special_details

diffrn_ambient_temperature
diffrn_radiation_wavelength
diffrn_radiation_type
dif frn_radiation_source
diffrn_radiation_monochromator
dif frn_measurement_device_type
di f f rn_measurement_method
dif frn_detector_area_resol_mean
di f f rn_standards_number
diffrn_standards_interval_count
dif frn_standards_interval_time
diffrn_standards_decay_%
diffrn_reflns_number
dif frn_reflns_av_R_equivalents
diffrn_reflns_av_sigmal/netl
di f f rn_re fin s_limi t_h_mi n
diffrn_reflns_limit_h_max
dif frn_reflns_limit_k_min
di f f rn_re f1ns_limi t_k_max
di f f rn_re fin s_limi t_l_mi n
diffrn_reflns_limit_l_max
diffrn_reflns_theta_min
diffrn_reflns_theta_max
reflns_number_total
reflns_number_gt
reflns_threshold_expression

computing_data_collection 
comput ing_ce1l_ref i nement 
computing_data_reduction 
computing_structure_solution 
comput ing_st ructure_ref i nement 
computing_molecular_graphic5 
computing_publication_material

refine_special_details

colourless
0.20 
0.20
0.08
■p
1.467
'not measured'
191 
0.124
'multi-scan'
0.8090 
1.0000
'Blessing, Acta Cryst. (1995) A51 33-

108 (2)
0.71070
MoK\a
'fine-focus sealed tube' 
graphite
'Rigaku Saturn 724'
'omega and phi scans'
■p
■p
■p
7
7
6314
0.0281
0.0491
-5
5
-8
8
-15
15
3.03 
24 . 99 
2777 
2441
>2sigma(I)

'Rigaku Crystalclear'
'Rigaku Crystalclear'
'Rigaku Crystalclear' 
'SHELXS-97 (Sheldrick, 1990)' 
'SHELXL-97 (Sheldrick, 1997)' 
'Shelxtl'
'Shelxtl'
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Refinement of against ALL reflections. The weighted R-factor wR
and
goodness of fit S are based on conventional R-factors R are based
on F, with F set to zero for negative . The threshold expression of
F ' ' 2 ' '  > 2sigma (F’̂2'') is used only for calculating R-factors (gt) etc. and 

i s
not relevant to the choice of reflections for refinement. R-factors 

based
on F^2^ are statistically about twice as large as those based on F, and 

R-
factors based on ALL data will be even larger.

_refine_ls_structure_factor_coef Fsqd
_refine_ls_matrix_type full
_refine_ls_weighting_scheme calc
_refine_ls_weighting_details 
'calc w=l/[\s"2" (Fo^2") + (0 . 0606P) "2^+0 . OOOOP] where P= (Fo"2''+2Fc^2'') / 3 ' 

_atom_sites_solution_primary direct
_atom_sites_solution_secondary difmap
_atom_sites _solution_hydrogens geom
_refine_ls_hydrogen_treatment constr
_refine_ls_extinction_method SHELXL
_refine_ls_extinction_coef 0.031{8)
_refine_ls_extinction_expression 
'Fc''*'' = kFc[l+0.001xFc^2^\l''3^/sin(2\q) ] "■-1/4"'

_refine_ls_abs_structure_details 
'Flack H D (1983), Acta Cryst. A39, 876-881'

_refine_ls_abs_structure_Flack 0.0 (8)
_refine_ls_number_refIns 2777
_refine_ls_number_parameters 239
_refine_ls_number_restraints 3
_refine_ls_R_factor_all 0.0440
_refine_ls_R_factor_gt 0.0398
_refine_ls_wR_factor_ref 0.1010
_refine_ls_wR_factor_gt 0.0983
_refine_ls_goodness_of_fit_ref 1.019
_refine_ls_restrained_S_all 1.018
_refine_ls_shift/su_max 0.200
_refine_ls_shift/su_mean 0.004

loop_
_a t om_s i t e_labe1 
_at om_s i t e_t ype_s ymbo1 
_atom_site_fract_x 
_atom_site_fract_y 
_atom_site_fract_z 
_at om_s i t e_U_i s o_o r_e qui v 
_a t om_ s i t e_a dp_t yp e 
_atom_site_occupancy 
_atom_site_symmetry_multiplicity 
_atom_site_calc_flag 
_atom_site_refinement_flags 
_atom_site_disorder_assembly 
_atom_site_disorder_group 
FI F 0.7956(4) 1.8397(3) -0.30639(15) 0.0389(5) Uani l i d .  . .
F2 F 0.3838(4) 1.8390(3) -0.23144(15) 0.0434(5) Uani l i d .  . .
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F3 F 0.4545(4) 1.6799(2) -0.36715(14) 0.0376(5) Uani 1 1
01 O 0.5487(4) 0.9239(3) 0.01091(15) 0.0231(4) Uani 1 1 c
02 O 0.2782(4) 0.9040(3) 0.33477(16) 0.0276(5) Uani 1 1 c 
N1 N 0.3292(4) 0.5658(3) 0.33760(16) 0.0192(5) Uani 1 1 c 
H18 H 0.2722 0.4587 0.3667 0.023 Uiso 1 1 d R . .
N2 N 0.9827(4) 0.7890(3) 0.06583(16) 0.0199(5) Uani 1 1 c 
H13 H 1.1707 0.7989 0.0615 0.024 Uiso 1 1 d R . .
N3 N 0.9735(5) 1.0416(3) -0.05326(17) 0.0201(5) Uani 1 1 
HI H 1.1681 1.0189 -0.0572 0.024 Uiso 1 1 d R . .
Cl C 0.5444(6) 1.4968(4) -0.1275(2) 0.0233(6) Uani l i d  
H2 H 0.3934 1.5796 -0.1020 0.028 Uiso 1 1 calc R . .
C2 C 0.8846(6) 1.4198(4) -0.2589(2) 0.0252(6) Uani l i d  
H3 H 0.9661 1.4500 -0.3231 0.030 Uiso 1 1 calc R . .
C3 C 0.9809(6) 1.2514(4) -0.2039(2) 0.0234(6) Uani l i d  
H4 H 1.1302 1.1679 -0.2300 0.028 Uiso 1 1 calc R . .
C4 C 0.8567(5) 1.2058(4) -0.11011(19) 0.0206(6) Uani 1 1 
C5 C 0.6394(5) 1.3286(4) -0.0721(2) 0.0226(6) Uani l i d  
H5 H 0.5552 1.2980 -0.0083 0.027 Uiso 1 1 calc R . .
C6 C 0.8162(6) 0.9181(4) 0.0082(2) 0.0198(6) Uani l i d .  
C7 C 0.8712(5) 0.6386(4) 0.13164(19) 0.0190(6) Uani 1 1 c 
C8 C 0.9938(5) 0.4471(4) 0.1276(2) 0.0207(6) Uani l i d .  
C9 C 0.8926(6) 0.2995(4) 0.1943(2) 0.0215(6) Uani l i d .  
H7 H 0.9763 0.1691 0.1932 0.026 Uiso 1 1 calc R . .
CIO C 0.6727(5) 0.3409(4) 0.2616(2) 0.0214(6) Uani l i d  
H8 H 0.6024 0.2385 0.3054 0.026 Uiso 1 1 calc R . .
Cll C 0.6503(5) 0.6840(4) 0.20019(19) 0.0184(6) Uani 1 1 
H9 H 0.5684 0.8147 0.2021 0.022 Uiso 1 1 calc R . .
C12 C 0.5789(6) 1.7243(4) -0.2794(2) 0.0259(7) Uani 1 1 c  
C13 C 0.2066(6) 0.7383(4) 0.3678(2) 0.0221(6) Uani l i d  
C14 C -0.0261(6) 0.7187(4) 0.4472(2) 0.0238(6) Uani 1 1 c  
HIO H -0.2038 0.7850 0.4230 0.036 Uiso 1 1 calc R . .
Hll H 0.0347 0.7806 0.5086 0.036 Uiso 1 1 calc R . .
H12 H -0.0604 0.5777 0.4616 0.036 Uiso 1 1 calc R . .
C15 C 0.5527(5) 0.5343(4) 0.2655(2) 0.0198(6) Uani l i d  
C16 C 0.6703(6) 1.5431(4) -0.2199(2) 0.0209(6) Uani 1 1 c
03 O 0.1728(4) 0.2187(3) 0.45301(15) 0.0289(5) Uani 1 1 c  
H17 H 0.0366 0.2400 0.4009 0.035 Uiso 1 1 d R . .
C17 C 0.3765(8) 0.1878(5) 0.5314(3) 0.0403(8) Uani l i d
H14 H 0.3157 0.0784 0.5765 0.060 Uiso 1 1 calc R . .
H15 H 0.3880 0.3092 0.5694 0.060 Uiso 1 1 calc R . .
H16 H 0.5659 0.1544 0.5023 0.060 Uiso 1 1 calc R . .

loop_
_atom_site_aniso_label 
_atom_site_aniso_U_ll 
_atom_site_aniso_U_22 
_atom_site_aniso_U_33 
_a t om_s i t e_a n i s o_U_2 3 
_a t om_s i t e_a n i s o_U_l3 
atom site aniso U 12

-0.0075(9) 
0.0110(9) 0 
-0.0170 (8) 
0 .0 0 1 2 (8) 0 
0.0071(8) 0 
0.0031(9) 0 
-0.0012(9)

FI 0.0367(11) 
F2 0.0504 (11) 
F3 0.0482(11)
01 0.0148(10)
02 0.0322(11) 
N1 0.0187(12) 
N2 0.0123(11)

0.0245(10) 
0.0311(10) 
0.0291(10) 
0.0238(11) 
0.0165 (11) 
0.0151 (11) 
0.0216(13)

0.0549(12) 
0.0459(11) 
0.0353(10) 
0.0299 (10) 
0.0336(11) 
0.0234(12) 
0.0252(12)

0.0121 (8 
0.0085(8 
0.0052 (8 
0.0061 (8 
0.0015(8 
0.0008 (9 
0.0064 (9

d

d

d . . .

-0.0041 (8) 
.0261(8) 
0 .0020(8)
.0025 (8)
. 0020 (8 ) 
.0013 (9) 
0.0006(9)
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N3 0. 
Cl 0. 
C2 0. 
C3 0. 
C4 0. 
C5 0. 
C6 0. 
C7 0. 
C8 0. 
C9 0. 
CIO 0 
Cll 0 
C12 0 
C13 0 
C14 0 
C15 0 
C16 0 
03 0. 
C17 0

0123(11) 
0220(15) 
0290(16) 
0204(15) 
0202(15) 
0189(15) 
0208(16) 
0194(14) 
0163(14) 
0229(14) 
.0209(15 
.0187 (14 
.0278 (16 
.0217(15 
.0210(15 
.0175(14 
.0196(14 
0347 (12) 
.052(2)

0.0179(12) 0.0293(13) 0.0069(9) 0.0009(9) 0.0038(9) 
0.0202(15) 0.0275(15) -0.0022(12) 0.0015(12) 0.0051(11) 
0.0201(15) 0.0255(15) 0.0060(11) 0.0027(12) 0.0057(12) 
0.0187(14) 0.0303(16) 0.0016(12) 0.0025(12) 0.0056(11) 
0.0175(14) 0.0235(15) 0.0035(11) -0.0047(12) 0.0041(11) 
0.0233(15) 0.0252(14) -0.0003(12) 0.0017(11) 0.0046(12) 
0.0167(14) 0.0217(14) 0.0016(11) 0.0014(11) 0.0011(11) 
0.0182(14) 0.0190(13) 0.0038(10) -0.0014(11) -0.0018(11) 
0.0203(14) 0.0253(14) -0.0008(11) -0.0033(11) 0.0023(11) 
0.0148(14) 0.0267(14) -0.0003(11) -0.0006(11) 0.0027(11) 
0.0159(14) 0.0273(15) 0.0014(11) 0.0007(11) -0.0011(11) 
0.0143(13) 0.0217(13) 0.0025(10) 0.0000(11) 0.0036(10) 
0.0187(15) 0.0310(16) 0.0000(12) -0.0036(13) 0.0040(13)

) 0.0187(14) 0.0258(15) -0.0006(12) -0.0018(12) 0.0017(12)
) 0.0245(15) 0.0257(14) -0.0003(12) 0.0024(11) 0.0027(12)
) 0.0199(14) 0.0223(14) -0.0023(11) -0.0028(11) -0.0025(11;
) 0.0168(14) 0.0261(14) 0.0020(11) -0.0049(11) 0.0012(11)
0.0204(11) 0.0310(11) 0.0045(8) 0.0024(9) 0.0023(9) 

0.0330(18) 0.0354(18) -0.0003(14) 0.0010(16) 0.0107(16)

_geom_special_ details

All esds (except the esd in the dihedral angle between two l.s. planes) 
are estimated using the full covariance matrix. The cell esds are taken 
into account individually in the estimation of esds in distances, angles 
and torsion angles; correlations between esds in cell parameters are 

only
used when they are defined by crystal symmetry. An approximate 
(isotropic)
treatment of cell esds is used for estimating esds involving l.s. 

planes.

loop_
_geom_bond_atom_site_label_l 
_geom_bond_atom_site_label_2 
_geom_bond_distance 
_ge om_bond_s i t e_s ymme t ry_2 
_geom_bond_publ_flag
FI C12 1.330(3) ■p
F2 C12 1.343(3) ■p
F3 C12 1.357(3) •p
01 C6 1.243(3) . •p
02 C13 1.240(3) •p
N1 C13 1.350(4)
N1 C15 1.422(3) ■p
N1 H18 0.8548 . 7
N2 C6 1.368(3) , 7
N2 Cl 1.422(3) , 7
N2 H13 0.8800 . ■p
N3 C6 1.368(3) . 7
N3 C4 1.417(3) . 7
N3 HI 0.9140 . ?
Cl C16 1.385 (4) 7
Cl C5 1.394(4) . 7
Cl H2 0.9500 . ?
C2 C16 1.385(4) 7
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C2 C3 1. 394 (4) 7
C2 H3 0. 9500 .
C3 C4 1. 398 (4) •p
C3 H4 0. 9500 .
C4 C5 1. 388 (4) 7
C5 H5 0. 9500 .
C7 CB 1. 397 (4) 9
C7 Cll 1.399(4) ■p
C8 C9 1. 399(4) 7
C9 CIO 1.380 (4) 7
C9 H7 0. 9500 .
CIO C15 1.404 (4 7
CIO H8 0.9500 . 7
Cll C15 1.392 (4 7
Cll H9 0.9500 . 7
C12 C16 1.487 (4 7
C13 C14 1. 509 (4 7
C14 HIO 0.9800 7
C14 Hll 0.9800 7
C14 H12 0.9800 7
03 C17 1.425(4) 7
03 H17 0.9500 . 7
C17 H14 0.9800 7
C17 H15 0.9800 7
C17 H16 0.9800 7

loop_
_geom_angle_atom_site_label_l
_geom_angle_atoiTi_site_label_2
_geom_angle_atom_site_label_3
_geom_angle
_geom_angle_site_syinmetry_l 
_ge om_angl e_s i t e_s yitune t r y_3 
_geom_angle_publ_flag 
C13 N1 C15 129.2 (2) . . ?
C13 N1 H18 117.2 . . ?
C15 N1 H18 113.6 . . ?
C6 N2 C7 124.2 (2) . . ?
C6 N2 H13 117.9 . . ?
C7 N2 H13 117.9 . . ?
C6 N3 C4 124.6(2) . . ?
C6 N3 HI 118.1 . . ?
C4 N3 HI 117.3 . . ?
C16 Cl C5 120.0(3) . . ?
C16 Cl H2 120.0 . . ?
C5 Cl H2 120.0 . . ?
C16 C2 C3 120.1 (3) . . ?
C16 C2 H3 120.0 . . ?
C3 C2 H3 120.0 . . 7
C2 C3 C4 119.7(3) , , 9
C2 C3 H4 120.1 . . 7
C4 C3 H4 120.1 . . 9
C5 C4 C3 119.9(2) . 9
C5 C4 N3 121.8(2) . 9
C3 C4 N3 118.2(2) . 9
C4 C5 Cl 120.0(3) , 9
C4 C5 H5 120.0 . . 7
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Cl C5 H5 120.0 . . ?
01 C6 N3 122.9(2) . . ?
01 C6 N2 123.8 (2) . . ?
N3 C6 N2 113.3(2) . . ?
C8 C7 Cll 121.3(2) . . ?
C8 C7 N2 118.1 (2) . . ?
Cll C7 N2 120.5(2) . . ?
C7 C8 C9 118.7(3) . . ?
CIO C9 C8 120.8(3) . . ?
CIO C9 H7 119.6 . . ?
C8 C9 H7 119.6 . . ?
C9 CIO C15 120.0(2) . . ?
C9 CIO H8 120.0 . . ?
C15 CIO H8 120.0 . . ?
C15 Cll C7 118.9(2) . . ?
C15 Cll H9 120.6 . . ?
C7 Cll H9 120.6 . . ?
FI C12 F2 106.9(2) . . ?
FI C12 F3 104.8(2) . . ?
F2 C12 F3 105.6(2) . . ?
FI C12 C16 113.5(2) . . ?
F2 C12 C16 113.2 (2) . . ?
F3 C12 C16 112.2 (2) . . ?
02 C13 N1 123.6(3) . . ?
02 C13 C14 120.8(3) . . ?
N1 C13 C14 115.6(2) . . ?
C13 C14 HIO 109.5 . . ?
C13 C14 Hll 109.5 . . ?
HIO C14 Hll 109.5 . . ?
C13 C14 H12 109.5 . . ?
HIO C14 H12 109.5 . . ?
Hll C14 H12 109.5 . . ?
Cll C15 CIO 120.3(2) . . ?
Cll C15 N1 123.0(2) . . ?
CIO C15 N1 116.7 (2) . . ?
C2 C16 Cl 120.3(2) . . ?
C2 C16 C12 118.5 (2) . . ?
Cl C16 C12 121.2 (2) . . ?
C17 03 H17 179.7 . . ?
03 C17 H14 109.5 . . ?
03 C17 H15 109.5 . . ?
H14 C17 H15 109.5 . . ?
03 C17 H16 109.5 . . ?
H14 C17 H16 109.5 . . ?
H15 C17 H16 109.5 . . ?

0.997 
24.99 
0.997

diffrn_measured_fraction_theta_max 
diffrn_reflns_theta_full 
dif f rn_ineasured_f raction_theta_full 
refine_diff_density_max 0.37 6
refine_diff_density_min -0.37 9
refine_diff_density_rms 0.047
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A1.3: Crystallographic data for 73

Identification code 

Empirical formula 
Formula weight 
Temperature 
Wavelength 

Crystal system 

Space group 
Unit cell dimensions

Volume
Z
Density (calculated)
Absorption coefficient 
F(OOO)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta =  24.99°
Refinement method
Data / restraints / parameters
Goodness-of-fit on p2
Final R indices [I >  2sigma(I)]
R indices (all data)
Largest diff. peak and hole

cs085
C16 H14 F3 N3 0 2
337.30
150 K
0.71070 A
monoclinic
P21/C
a =  11.322(17) A a =  90°.
b =  15.80(2) A p =  96.43(3)°.
c =  8.821(12) A 7 = 90°.
1568(4) A3 

1
0.357 Mg/m3 

0.030 mm‘ l 
174
0,20 X 0.15 X 0.05 mm3 
2.66 to 24.99°.
-11 <13, -18 ^  <18, -10 <1 <10
7829
2756 [R(int) =  0.1018]
99.7 %
Full-matrix least-squares on F^
2756 / 0 / 229 
1.040
R1 =  0.0826, wR2 =  0.2227 
R1 =  0.1067, wR2 =  0.2512 
0.755 and -0.636 e.A"3
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A 1.3.1: CIF file for 73

data cs085

Appendix

_audit_creation_method SHELXL-97
_chemical_name_systematic

_chemical_name_common 
_chemical_melting_point 
_chemical_formula_moiety 
_chemical_formula_sum 
"'C64 H56 F12 N12 08' 
_chemical_formula_weight 1349.21

loop_
_a t om_t yp e_s ymb o 1 
_atom_type_description 
_atom_type_scat_dispersion_real 
_atom_type_scat_dispersion_imag 
_atom_type_scat_source 
'C 'C 0.0033 0.0016
'International Tables Vol C Tables 4.2.6. 
'H' 'H' 0.0000 0.0000
'International Tables Vol C Tables 4.2.6. 
■F' 'F' 0.0171 0.0103
'International Tables Vol C Tables 4.2.6. 
'N' 'N' 0.0061 0.0033
'International Tables Vol C Tables 4.2.6. 
'O' 'O' 0.0106 0.0060
'International Tables Vol C Tables 4.2.6.

and 6 .1. 1.4' 

and 6 .1.1.4 ' 

and 6.1.1. 4' 

and 6 .1.1.4 ' 

and 6 .1.1.4'

_symmetry_cell_setting
_symmetry_space_group_name_H-M

loop_
_symmetry_equiv_pos_as_xyz 
'x, y, z'
'-X, y+1/2, -z+1/2'
'-X, -y, -z'
'X, -y-1/2, z-1/2'

Monoclinic
P2(l)/c

_cell_length_a 11.322(17)
_cell_length_b 15.80(2)
_cell_length_c 8.821(12)
_cell_angle_alpha 90.00
_cell_angle_beta 96.43(3)
_cell_angle_gamma 90.00
_cell_volume 1568(4)
_cell_formula_units_Z 1
_cell_measurement_temperature 108 (2)
_cell_measurement_reflns_used ?
_cell_measurement_theta_inin ?
cell measurement theta max ?
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_exptl_crystal_description
_exptl_crystal_colour
_exptl_crystal_size_max
_exptl_crystal_size_mid
_exptl_crystal_size_min
_exptl_crystal_density_meas
_exptl_crystal_density_di ffrn
_exptl_crystal_density_method
_exptl_crystal_F_000
_exptl_absorpt_coefficient_mu
_exptl_absorpt_correction_type
_exptl_absorpt_correction_T_min
_exptl_absorpt_correction_T_max
_exptl_absorpt_process_details
38. '

prism
colourless
0.40
0.13
0.08
■p

1.429
'not measured'
696
0.120
'Multi-scan'
0.81540
1.00000
'Blessing, Acta Cryst. (1995) A51 33

exptl_special_details

diffrn_ambient_temperature
diffrn_radiation_wavelength
diffrn_radiation_type
dif frn_radiation_source
diffrn_radiation_monochromator
dif frn_measurement_device_type
dif frn_measurement_method
dif frn_detector_area_resol_mean
diffrn_standards_number
diffrn_standards_interval_count
diffrn_standards_interval_time
dif frn_standards_decay_%
di f f rn_re f1ns_numbe r
dif frn_reflns_av_R_equivalents
diffrn_reflns_av_sigmal/netl
diffrn_reflns_limit_h_min
di f f rn_r0 f1n s_limi t_h_ma x
di f f rn_r e f1ns_limi t_k_mi n
di f f rn_re f1ns_limi t_k_max
di f f rn_r6 fin s_limi t_l_mi n
diffrn_reflns_limit_l_max
diffrn_reflns_theta_min
diffrn_reflns_theta_max
reflns_number_total
reflns_number_gt
reflns_threshold_expression

computing_data_collection 
computing_cell_refinement 
computing_data_reduction 
computing_structure_solution 
computing_structure_refinement 
computing_molecular_graphics 
computing_publication_material

refine_special_details

108(2)
0.71070
MoK\a
'fine-focus sealed tube' 
graphite
'Rigaku Saturn 724' 
'omega and phi scans'

7829 
0.1018 
0.0891 
-11 
13 
-18 
18 
-10 
10 
2.66 
24 . 99 
2756 
2063
>2sigma(I)

'Rigaku Crystalclear'
'Rigaku Crystalclear'
'Rigaku Crystalclear' 
'SHELXS-97 (Sheldrick, 1990)' 
'SHELXL-97 (Sheldrick, 1997)' 
'Shelxtl'
' Shelxtl'
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Refinement of against ALL reflections. The weighted R-factor wR
and
goodness of fit S are based on conventional R-factors R are based
on F, with F set to zero for negative F'^2'^. The threshold expression of
F''2̂  > 2sigma (F''2'') is used only for calculating R-f actors (gt) etc. and 

is
not relevant to the choice of reflections for refinement. R-factors 

based
on F^2^ are statistically about twice as large as those based on F, and 

R-
factors based on ALL data will be even larger.

refine_ls_structure_factor_coef 
_refine_ls_matrix_type 
_refine_ls_weighting_scheme 
_refine_ls_weighting_details 
'calc w=l / [\s^2'' (Fô 2"-) + (0.14 40P) 

_atom_sites_solution_primary 
_atom_ sites_solution_secondary 
_atom_sites_solution_hydrogens 
refine_ls_hydrogen_treatment 
_refine_ls_extinction_method 
_refine_ls_extinction_coef 
_re f i ne_ls_number_re fIns 
refine_ls_number_parameters 
refine_ls_number_restraints 
_refine_ls_R_factor_all 
refine_ls_R_factor_gt 
refine_ls_wR_factor_ref 
refine_ls_wR_factor_gt 
refine_ls_goodness_of_fit_ref 
_refine_ls_restrained_S_all 
refine_ls_shift/su_max 
refine Is shift/su mean

Fsqd
full
calc

"2"+1.1423P] where P=(Fo"2"+2Fc^2^)/3'
direct
difmap
geom
mixed
none
"p

2756
229
0
,1067 
.0826 
.2512 
.2227 
,040 
.040 

0.028 
0.001

loop_ 
_atom_ 
_atom_ 
_atom_ 
_atom_ 
_atom_ 
_atom_ 
_atom_ 
_at om_ 
_atom_ 
_atom_ 
_atom_ 
_atom_ 
_atom_ 
FI F 1. 
F2 F 0. 
F3 F 1. 
01 0 0 . 
02 0 0 . 
N2 N 0.

site
site
site
site
site
site
site
site
site
site
site
site
site
1009
9976
1416
7680
3961
6131

label
type_symbol 
fract_x 
fract_y 
fract_z
U_iso_or_equiv 
adp_type 
occupancy 

:_symmetry_multiplicity 
_calc_flag 
_refinement_flags 
_disorder_assembly 
_disorder_group 
(4) 0.3099(3) 0.4977(4)
(3) 0.3853(2) 0.3448(7) 

0.3210(3) 0.2771(5) 
-0.02806(16) 0.4393(3) 
-0.04941(17) 0.0865(3)

(4)
(2 )
(2 )
(3)

0.1029(17) Uani 
0.134(2) Uani 
0.1007(16) Uani 

0.0234(6) 
0.0274(7)

1 1

Uani
Uani

-0.06606(19) 0.2634(3) 0.0224(7) Uani

1 d 
1 d 
1 d
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H6 H 0.5822 -0.0628 0.1675 0.027 Uiso 1 1 calc R . .
N1 N 0.7460(3) 0.03423(19) 0.2024(3) 0.0240(7) Uani l i d . . .
H5 H 0.7154 0.0274 0.1071 0.029 Uiso 1 1 calc R . .
N3 N 0.3728(3) -0.03454(19) 0.3385(3) 0.0234(7) Uani l i d . . .
Hll H 0.3406 -0.0024 0.4043 0.028 Uiso 1 1 calc R . .
C16 C 0.2647(4) 0.0595(3) 0.1584(6) 0.0382(11) Uani l i d .  . .
C6 C 0.7985(3) 0.1799(3) 0.1737(4) 0.0289(9) Uani l i d .  . .
H3 H 0.7280 0.1863 0.1054 0.035 Uiso 1 1 calc R . .
C3 C 1.0045(3) 0.1608(3) 0.3715(4) 0.0271(9) Uani l i d . . .
HI H 1.0758 0.1542 0.4383 0.032 Uiso 1 1 calc R . .
C2 C 0.9738(3) 0.2399(3) 0.3120(4) 0.0290(9) Uani l i d . . .
Cl C 1.0503(4) 0.3143(3) 0.3554(5) 0.0342(10) Uani l i d .  . .
C8 C 0.7127(3) -0.0206(2) 0.3104(4) 0.0208(8) Uani l i d .  . .
Cll C 0.5749(4) -0.2363(3) 0.5452(4) 0.0308(9) Uani l i d . . .
H8 H 0.6200 -0.2813 0.5942 0.037 Uiso 1 1 calc R . .
CIO C 0.6230(3) -0.1862(2) 0.4369(4) 0.0256(8) Uani l i d . . .
H7 H 0.7006 -0.1977 0.4111 0.031 Uiso 1 1 calc R . .
C9 C 0.5574(3) -0.1190(2) 0.3662(4) 0.0206(8) Uani l i d .  . .
C14 C 0.4433(3) -0.1040(2) 0.4008(4) 0.0221(8) Uani l i d .  . .
C12 C 0.4604(4) -0.2197(3) 0.5808(4) 0.0297(9) Uani l i d .  . .
H9 H 0.4273 -0.2531 0.6550 0.036 Uiso 1 1 calc R . .
C15 C 0.3500(3) -0.0128(2) 0.1904(4) 0.0261(9) Uani l i d .  . .
C13 C 0.3950(3) -0.1549(2) 0.5083(4) 0.0259(8) Uani l i d . . .
HIO H 0.3164 -0.1446 0.5315 0.031 Uiso 1 1 calc R . .
C5 C 0.8276(3) 0.1015(2) 0.2373(4) 0.0230(8) Uani l i d .  . .
C4 C 0.9324(3) 0.0911(3) 0.3350(4) 0.0275(9) Uani l i d .  . .
H2 H 0.9541 0.0370 0.3758 0.033 Uiso 1 1 calc R . .
C7 C 0.8716(4) 0.2493(3) 0.2094(5) 0.0317(9) Uani l i d .  . .
H4 H 0.8522 0.3028 0.1641 0.038 Uiso 1 1 calc R . .
H20 H 0.247(4) 0.085(3) 0.238(6) 0.047(14) Uiso l i d .  . .
H22 H 0.291(7) 0.091(5) 0.080(9) 0.10(2) Uiso l i d .  . .
H21 H 0.198(6) 0.037(4) 0.088(7) 0.074(19) Uiso l i d . . .

loop_
_atom_site_aniso_label 
_at om_s i t e_a ni s o_U_l1 
_atom_site_aniso_U_22 
_atom_site_aniso_U_33 
_atom_site_aniso_U_23 
_atom_site_aniso_U_l3 
_at om_s i t e_a ni s o_U_l2 
FI 0.154(4) 0.103(3) 0.0461(18) -0.004(2) -0.012(2) -0.089(3)
F2 0.058(2) 0.0351(18) 0.293(7) -0.033(3) -0.043(3) -0.0047(16)
F3 0.094(3) 0.111(3) 0.109(3) -0.049(2) 0.065(2) -0.074(2)
01 0.0275(14) 0.0285(14) 0.0145(12) 0.0020(11) 0.0028(10) 0.0002(10)
02 0.0302(15) 0.0356(15) 0.0159(12) -0.0023(11) 0.0007(10) 0.0047(12)
N2 0.0276(17) 0.0262(17) 0.0130(14) 0.0022(13) 0.0002(11) -0.0011(12)
NI 0.0298(18) 0.0284(17) 0.0135(14) 0.0009(13) 0.0015(12) -0.0055(13)
N3 0.0290(18) 0.0246(16) 0.0166(15) -0.0034(13) 0.0028(12) 0.0049(12)
C16 0.046(3) 0.041(3) 0.028(2) 0.002(2) 0.005(2) 0.016(2)
C6 0.030(2) 0.033(2) 0.0224(19) 0.0042(17) -0.0005(15) 0.0006(17)
C3 0.023(2) 0.036(2) 0.0220(18) 0.0018(17) 0.0001(14) -0.0038(16)
C2 0.027(2) 0.033(2) 0.029(2) -0.0055(17) 0.0091(16) -0.0038(16)
Cl 0.037(2) 0.032(2) 0.034(2) 0.0002(19) 0.0071(17) -0.0093(18)
C8 0.0227(19) 0.0220(18) 0.0180(17) -0.0021(15) 0.0040(14) 0.0030(14) 
Cll 0.039(2) 0.028(2) 0.0241(19) 0.0038(17) -0.0018(16) -0.0006(17) 
CIO 0.030(2) 0.0239(19) 0.0221(18) -0.0002(16) 0.0008(15) 0.0008(15)
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09 0.0249(19) 0.0222(18) 0.0143(16) -0.0008(14) 0.0008(13) -0.0035(14)
C14 0.033(2) 0.0181(18) 0.0144(16) -0.0049(14) 0.0000(13) 0.0004(14)
C12 0.041(2) 0.027(2) 0.0212(18) 0.0060(16) 0.0052(16) -0.0066(17)
C15 0.028(2) 0.028(2) 0.0222(19) 0.0002(16) 0.0003(15) 0.0030(15)
C13 0.030(2) 0.026(2) 0.0219(18) -0.0016(16) 0.0037(15) -0.0020(15)
C5 0.0268(19) 0.029(2) 0.0145(16) -0.0005(15) 0.0058(14) -0.0023(15)
C4 0.029(2) 0.032(2) 0.0213(18) 0.0004(16) 0.0039(15) -0.0004(16)
C7 0.033(2) 0.028(2) 0.033(2) 0.0078(17) 0.0006(16) -0.0027(17)

_geom_special_detai1s

All esds (except the esd in the dihedral angle between two l.s. planes) 
are estimated using the full covariance matrix. The cell esds are taken 
into account individually in the estimation of esds in distances, angles 
and torsion angles; correlations between esds in cell parameters are 

only
used when they are defined by crystal symmetry. An approximate 
(isotropic)
treatment of cell esds is used for estimating esds involving l.s. 

planes.

loop_
_geom_bond_atom_site_label_l 
_geom_bond_atom_site_label_2 
_geom_bond_distance 
_ge om_bond_s i t e_s ymme t ry_2 
_geom_bond_publ_flag
FI 01 1.323(6) . •p
F2 01 1.269(6) . 9
F3 01 1.310(5) . 9
01 08 1.241(4) . 7
02 015 1.247(5) 7
N2 08 1.362(5) . •p
N2 09 1.431(5) . 7
N2 H6 0.8800 . ?
N1 08 1.371(5) . 7
N1 05 1.419(5) . 7
N1 H5 0 .8800 . ?
N3 015 1.347(5) 7
N3 014 1.431(5) 7
N3 Hll 0.8800 . 7
016 015 1. 502(6)
016 H20 0.86(6) 7
016 H22 0.93(8) 7
016 H21 0.99(6) 7
06 05 1.385(6) . 7
06 07 1.389(6) . 7
06 H3 0.9500 . ?
03 02 1.385(6) . 7
03 04 1.387(5) . 7
03 HI 0.9500 . ?
02 07 1.395(6) . 7
02 01 1.485(6) . 7
Oil 012 1.392(6)
Oil 010 1.398(5)
Oil H8 0.9500 . 7
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CIO C9 1.401(5) . ?
CIO H7 0.9500 . ?
C9 C14 1.380(5) . ?
C14 C13 1.399(5) . ?
C12 C13 1.379(6) . ?
C12 H9 0.9500 . ?
C13 HIO 0.9500 . ?
C5 C4 1.396(5) . ?
C4 H2 0.9500 . ?
Cl H4 0.9500 . ?

loop_
_geom_angle_atom_site_label_l
_geom_angle_atom_site_label_2
_geom_angle_atom_site_label_3
_geom_angle
_geom_angle_site_symmetry_l 
_ge om_a ngle_site_s ymme t r y_3 
_geom_angle_publ_flag 
C8 N2 C9 121.6(3) . . ?
C8 N2 H6 119.2 . . ?
C9 N2 H6 119.2 . . ?
C8 N1 C5 123.0(3) . . ?
C8 N1 H5 118.5 . . ?
C5 N1 H5 118.5 . . ?
C15 N3 C14 127.3(3) . . ?
C15 N3 Hll 116.3 . . ?
C14 N3 Hll 116.3 . . ?
C15 C16 H20 115(3) . . ?
C15 C16 H22 107 (5) . . ?
H2Q C16 H22 118(6) . . ?
C15 C16 H21 106(4) . . ?
H20 C16 H21 117 (5) . . ?
H22 C16 H21 91(5) . . ?
C5 C6 C7 120.4 (4) 7
C5 C6 H3 119.8 . . ■p

C7 C6 H3 119.8 . . 7
C2 C3 C4 120.8 (4) . 7
C2 C3 HI 119.6 . . ■p

C4 C3 HI 119.6 . . •p

C3 C2 C7 119.8 (4) 7
C3 C2 Cl 120.2 (4) 7
C7 C2 Cl 120.1(4) 7
F2 Cl F3 106.4(5) 7
F2 Cl FI 105.5 (4) 7
F3 Cl FI 102.8(4) 7
F2 Cl C2 115.2(4) 7
F3 Cl C2 113.6(4) 7
FI Cl C2 112.4 (4) 7
01 C8 N2 123.0(3) 7
01 C8 N1 123.2(3) 7
N2 C8 N1 113.9(3) 7
C12 Cll CIO 119.4 (4) . . ?
C12 Cll H8 120.3 . . ?
CIO Cll H8 120.3 . . ?
Cll CIO C9 120.4 (4) . . ?
Cll CIO H7 119.8 . . ?
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C9 CIO H7 119.8 . . ?
C14 C9 CIO 119.6(3) . . ?
C14 C9 N2 122.0(3) . . ?
CIO C9 N2 118.4(3) . . ?
C9 C14 C13 119.8(3) . . ?
C9 C14 N3 122.9(3) . . ?
C13 C14 N3 117.2 (3) . . ?
C13 C12 Cll 120.1(3) . . ?
C13 C12 H9 120.0 . . ?
Cll C12 H9 120.0 . . ?
02 C15 N3 122.9(3) . . ?
02 C15 C16 121.9(4) . . ?
N3 C15 C16 115.2 (3) . . ?
C12 C13 C14 120.7(4) . . ?
C12 C13 HIO 119.7 . . ?
C14 C13 HIO 119.7 . . ?
C6 C5 C4 120.2 (4) . . ?
C6 C5 N1 117.6(3) . . ?
C4 C5 N1 122.2(3) . . ?
C3 C4 C5 119.2 (4) . . ?
C3 C4 H2 120.4 . . ?
C5 C4 H2 120.4 . . ?
C6 C7 C2 119.6 (4) . . ?
C6 C7 H4 120.2 . . ?
C2 C7 H4 120.2 . . ?

0.997 
24.99 
0 . 997

dif frn_measured_fraction_theta_max 
diffrn_reflns_theta_full 
dif frn_measured_fraction_theta_full 
refine_diff_density_max 0.756
refine_diff_density_min -0.637
refine_diff_density_rms 0.084
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A1.4: Crystallographic data for 87

Identification code 
Empirical formula 

Formula weight 
Temperature 
Wavelength 

Crystal system 
Space group 
Unit cell dimensions

Volume
Z

Density (calculated)
Absorption coefficient 
F(OOO)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction
Max. and min. transmission

Refinement method
Data / restraints / parameters
Goodness-of-fit on
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diflf. peak and hole

cs053m
C80 H 52F12N 16 0 4

1529.38
150 K

0.71073 A
Monoclinic
P2I/C

a = 13.1965(14) A a= 90°.
b = 11.8685(12) A p= 91.320(2)°.
c =  11.0189(11) A y = 90°.
1725.4(3) A3 

I
1.472 Mg/m3 

0.117 m m 'l 
784
0.60 X 0.31 X 0.16 mm^

2.31 to 25.00°.
-15 ^  <15,-14 ^  <14,-13 <1 <12 
13251
3031 [R(int) = 0.0288]
100.0 %
Semi-empirical from equivalents 
1.00000 and 0.857466 
Full-matrix least-squares on F^

3031 / 0 / 2 5 3  
1.085
RI = 0.0648, wR2 = 0.1693 
R1 =0.0738, wR2 =0.1760 
0.822 and -0.408 e.A'3

266



A 1 .4 .1 : C I F f i l e f o r 8 7
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Appendix

_audit_creation_method 
_chemical_name systematic

SHELXL-97

_chemi c al_name_c ommon 
_chemical_melting_point 
_chemical_formula_moiety 
_chemical_formula_sum 
~'C80 H52 F12 N16 04' 
_chemical_formula_weight 1529.38

loop_
_a t om_t yp e_s ymb o 1 
_atom_type_description 
_atom_type_scat_dispersion_real 
_atom_type_scat_dispersion_imag 
_atom_type_scat_source 
'C 'C 0.0033 0.0016
'International Tables Vol C Tables 4.2.6. 
'H' 'H' 0.0000 0.0000
'International Tables Vol C Tables 4.2.6. 
'F' 'F' 0.0171 0.0103
'International Tables Vol C Tables 4.2.6. 
'N' 'N' 0.0061 0.0033
'International Tables Vol C Tables 4.2.6. 
'O' 'O' 0.0106 0.0060
'International Tables Vol C Tables 4.2.6.

and 6 .1.1. 4 ' 

and 6.1.1. 4 ' 

and 6.1.1.4' 

and 6.1.1.4 ' 

and 6.1.1. 4'

_symmetry_cell_setting monoclinic
_symmet ry_space_group_name_H-M P21/c

loop_
_s ymme t r y_e qu i v_po s_a s_x y z 
'x, y, z'
'-X, y+1/2, -z+1/2'
'-X, -y, -z'
'X, -y-1/2, z-1/2'

_cell_length_a 
_cell_length_b 
_cell_length_c 
_cell_angle_alpha 
_cell_angle_beta 
_cell_angle_gamma 
_cell_volume 
_cell_formula_units_Z 
_cell_measurement_temperature 
_cell_measurement_reflns_used 
_cell_measurement_theta_min 
cell measurement theta max

13
11
11
90
91 
90

1965(14) 
8685(12) 
0189 (11) 
00
320(2)
00

1725.4(3)
1
396(2)
9
■7

9
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_exptl_crystal_description
_exptl_crystal_colour
_exptl_crystal_size_max
_exptl_crystal_size_mid
_exptl_crystal_size_min
_exptl_crystal_density_meas
_exptl_crystal_density_diffrn
_exptl_crystal_density_method
_exptl_crystal_F_000
_exptl_absorpt_coefficient_mu
_exptl_absorpt_correction_type
_exptl_absorpt_correction_T_min
_exptl_absorpt_correction_T_max
_exptl_absorpt_process_details
38. '

plate
colourless 
0. 60 
0. 30 
0.16 
9
1.472
'not measured'
784 
0.117
multi-scan 
0.857466 
1.00000
'Blessing, Acta Cryst. (1995) A51 33

exptl_special_details

"5

diffrn_ambient_temperature 
diffrn_radiation_wavelength 
_diffrn_radiation_type 
diffrn_radiation_source 
_dif frn_radiation_monochromator 
di f f rn_measurement_device_type 
di f f rn_measurement_method 
diffrn_detector_area_resol_mean 
diffrn_standards_number 
dif frn_standards_interval_count 
dif frn_standards_interval_time 
dif frn_standards_decay_% 
dif frn_reflns_number 
diffrn_reflns_av_R_equivalents 
di f f rn_re fins_av_s i gmaI/net I 
di f f rn_re f1ns_limi t_h_mi n 
diffrn_reflns_limit_h_max 
di f f rn_re f1ns_limi t_k_mi n 
di f f rn_re flns_limi t_k_max 
diffrn_reflns_limit_l_min 
diffrn_reflns_limit_l_max 
di f f rn_re fin s_t he t a_mi n 
diffrn_reflns_theta_max 
reflns_number_total 
reflns_number_gt 
reflns_threshold_expression

computing_data_collection
computing_cell_refinement
computing_data_reduction
computing_structure_solution
computing_structure_refinement
computing_molecular_graphics
computing_publication_material

refine_special_details

396(2)
0.71073
MoK\a
'fine-focus sealed tube' 
graphite
'Bruker Smart Apex'
'omega scans'
7
7
9
■p
7
13251
0.0288
0.0226
-15
15
-14
14
-13
12
2.31
25.00
3031
2634
>2sigma(I)

'Bruker Smart'
'Bruker Smart'
'Bruker Saint'
'SHELXS-97 (Sheldrick, 1990)' 
'SHELXL-97 (Sheldrick, 1997)' 
'Bruker Shelxtl'
'Bruker Shelxtl'
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Refinement of against ALL reflections. The weighted R-factor wR
and
goodness of fit S are based on F ^2 ^ , conventional R-factors R are based
on F, with F set to zero for negative F'"2'^. The threshold expression of
F''2̂ ' > 2sigina (F'̂ 2'') is used only for calculating R-factors (gt) etc. and 

is
not relevant to the choice of reflections for refinement. R-factors 

based
on F^2^ are statistically about twice as large as those based on F, and 

R-
factors based on ALL data will be even larger.

_refine_ls_structure_factor_coef Fsqd 
_refine_ls_matrix_type full
_refine_ls_weighting_scheme calc
_refine_ls_weighting_details 
'calc w=l/[\s"2" (Fo''2̂ ) + (0 . 0948P) ̂ 2"'+2 .1675P] where P= (Fo''2''+2Fc"2'')/3 ' 

_atom_sites_solution_primary 
_atom_ sites_solution_secondary 
_atom_sites_solution_hydrogens 
_refine_ls_hydrogen_treatment 
_refine_ls_extinction_method 
_refine_ls_extinction_coef 
_refine_ls_number_refIns 
_refine_ls_number_parameters 
_refine_ls_number_restraints 
_refine_ls_R_factor_all 
_refine_ls_R_factor_gt 
_refine_ls_wR_factor_ref 
_refine_ls_wR_factor_gt 
_refine_ls_goodness_of_fit_ref 
_refine_ls_restrained_S_all 
_refine_ls_shift/su_max 
_refine_ls_shift/su_mean

loop_
_at om_si t e_labe1 
_atom_site_type_symbol 
_atom_site_fract_x 
_atom_site_fract_y 
_atom_site_fract_z 
_a t om_ sit e_U_i s o_o r _e qu i v 
_a t om_ site_adp_type 
_atom_site_occupancy 
_atom_site_symmetry_multiplicity 
_atom_site_calc_flag 
_atom_site_refinement_flags 
_atom_site_disorder_assembly 
_atom_site_disorder_group 
FI F 0.5771(3) 0.1852(3) 0.8814(3) 0.1086(12) Uani l i d . . .
F2 F 0.57455(15) 0.3580(2) 0.8397(2) 0.0665(8) Uani l i d .  . .
F3 F 0.66461(15) 0.2446(3) 0.7392(3) 0.0913(11) Uani l i d . . .
02 O 0.28041(14) 0.00664(16) 0.37463(17) 0.0263(5) Uani l i d . . .
N1 N 0.24668(17) 0.17843(19) 0.4591(2) 0.0264(6) Uani l i d .  . .
HI H 0.2030 0.2322 0.4568 0.032 Uiso 1 1 d R . .
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N2 N 0.13386(17) 0.09976(19) 0.3255(2) 0.0254(5) Uani l i d .  . .
H2 H 0.0983 0.1586 0.3409 0.031 Uiso 1 1 d R . .
N5 N -0.03852(18) -0.20915(19) -0.0039(2) 0.0247(5) Uani l i d .  . . 
N6 N -0.15926(17) -0.0967(2) 0.1502(2) 0.0264(6) Uani l i d .  . .
Cl C 0.5764(3) 0.2595(3) 0.7865(4) 0.0515(10) Uani l i d .  . .
C2 C 0.4897(2) 0.2384(3) 0.7000(3) 0.0329(7) Uani l i d . . .
C3 C 0.4878(2) 0.1405(3) 0.6339(3) 0.0294(7) Uani l i d .  . .
H3A H 0.5407 0.0893 0.6432 0.035 Uiso 1 1 calc R . .
C4 C 0.4110(3) 0.3152(3) 0.6849(4) 0.0480(10) Uani l i d . . .
H4A H 0.4116 0.3820 0.7291 0.058 Uiso 1 1 calc R . .
C5 C 0.3324(2) 0.2926(3) 0.6051(3) 0.0397(8) Uani l i d . . .
H5 H 0.2795 0.3440 0.5960 0.048 Uiso 1 1 calc R . .
C6 C 0.3310(2) 0.1940(2) 0.5376(2) 0.0226(6) Uani l i d . . .
C7 C 0.4088(2) 0.1166(2) 0.5537(3) 0.0258(6) Uani l i d .  . .
H7 H 0.4078 0.0491 0.5108 0.031 Uiso 1 1 calc R . .
C8 C 0.22608(19) 0.0885(2) 0.3863(2) 0.0203(6) Uani l i d .  . .
C9 C 0.09371(19) 0.0227(2) 0.2403(2) 0.0195(6) Uani l i d . . .
CIO C 0.1529(2) -0.0360(2) 0.1638(2) 0.0208(6) Uani l i d . . .
HlO H 0.2226 -0.0246 0.1668 0.025 Uiso 1 1 calc R . .
Cll C 0.1109(2) -0.1147(2) 0.0788(2) 0.0200(6) Uani l i d . . .
C12 C 0.1715(2) -0.1764(2) -0.0014(2) 0.0256(6) Uani l i d .  . .
H12 H 0.2414 -0.1668 -0.0003 0.031 Uiso 1 1 calc R . .
C13 C 0.1264(2) -0.2505(2) -0.0808(2) 0.0280(7) Uani l i d .  . .
H13 H 0.1649 -0.2911 -0.1353 0.034 Uiso 1 1 calc R . .
C14 C 0.0210(2) -0.2641(2) -0.0784(2) 0.0282(7) Uani l i d .  . .
H14 H -0.0089 -0.3149 -0.1326 0.034 Uiso 1 1 calc R . .
C15 C 0.0058(2) -0.1336(2) 0.0729(2) 0.0197(6) Uani l i d . . .
C16 C -0.0586(2) -0.0725(2) 0.1547(2) 0.0205(6) Uani l i d .  . .
C17 C -0.01518(19) 0.0053(2) 0.2381(2) 0.0199(6) Uani l i d .  . .
C18 C -0.0814(2) 0.0567(2) 0.3201(2) 0.0250(6) Uani l i d . . .
H18 H -0.0564 0.1082 0.3770 0.030 Uiso 1 1 calc R . .
C19 C -0.1817(2) 0.0310(3) 0.3159(3) 0.0299(7) Uani l i d . . .
H19 H -0.2258 0.0637 0.3703 0.036 Uiso 1 1 calc R . .
C20 C -0.2178(2) -0.0454(3) 0.2285(3) 0.0310(7) Uani l i d .  . .
H20 H -0.2869 -0.0609 0.2253 0.037 Uiso 1 1 calc R . .

loop_
_atom_site_aniso_label 
_atom_site_aniso_U_ll 
_atom_site_aniso_U_22 
_a t om_s i t e_ani s o_U_3 3 
_atom_site_aniso_U_23 
_atom_site_aniso_U_13 
_atom_site_aniso_U_12 
FI 0.108(3) 0.120(3) 0.095(2) 0.019(2) -0.070(2) -0.020(2)

0.0823(17) 0.0784(16) -0.0565(14) -0.0193(11) 0.0084(11) 
107(2) -0.086(2) -0.0118(12) 0.0091(13) 
0.0312(11) -0.0073(8) -0.0078(8) 0.0068(8)

F2 0.0379(12) 
F3 0.0211(11) 
02 0.0251(10) 
N1 0.0234 (12) 
N2 0.0233(12) 
N5 0.0319(13) 
N6 0.0233(12) 
Cl 0.0312(19) 
C2 0.0196(14) 
C3 0.0221 (14) 
C4 0.0315(17) 
C5 0.0277(16)

0.145(3) 0. 
0 .0 2 2 2 (10) 
0.0207 (12) 
0.0199(11) 
0 .0 2 2 1 (12) 
0.0294(13)

0.0345(13) -0.0094(10) -0.0105(10) 0.0092(9)
0.0328(13) -0.0094(10) -0.0077(10) 0.0059(9)
0.0200(11) -0.0001(9) -0.0027(9) -0.0061(10) 
0.0264(12) 0.0020(10) 0.0004(10) -0.0073(10) 

0.061(2) 0.061(2) -0.032(2) -0.0119(17) 0.0100(17) 
0.0437(18) 0.0353(16) -0.0155(14) -0.0031(12) 0.0007(13)
0.0349(16) 0.0310(15) -0.0089(13) -0.0040(12) 0.0090(12)
0.042(2) 0.070(2) -0.0363(18) -0.0134(16) 0.0100(15) 
0.0310(17) 0.060(2) -0.0195(16) -0.0148(15) 0.0111(13)
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C6 0. 
C7 0. 
C8 0. 
C9 0. 
CIO 0 
Cll 0 
C12 0 
C13 0 
C14 0 
C15 0 
C16 0 
C17 0 
C18 0 
C19 0 
C20 0

0194(13) 
0248 (14) 
0199(13) 
0232(13) 
.0203(13) 
.0263 (14) 
.0298(15) 
.0381 (17) 
.0447 (18) 
.0282 (14) 
.0226(13) 
.0228 (14) 
.0274(15) 
.0285 (15) 
.0213 (14)

0.0237 (14) 
0.0244 (14) 
0.0201(13) 
0.0160(13)
0.0214(13) 
0.0153(13) 
0 .0275(15) 
0.0260(15) 
0 .0228(14) 
0.0159(13) 
0.0199(13) 
0.0172(13) 
0.0238(14) 
0 .0335(16) 
0 .0364(17)

0.0246(14) 
0.0281(15) 
0.0208 (13) 
0.0191 (12) 
0.0207(13) 

0182(13) 
0197(13) 
0201(13) 
0171(13) 
0148(12) 
0190(13) 
0196(13) 
0236(14) 
0280(15) 
0354(16)

-0.0039(11) 
-0 .0100(12) 
-0.0011 (10) 
0 .0011(10) - 
0.0027 (10) 
0.0056 (10) 
0.0020 (11 ) 
-0.0030(11) 
-0.0038(11) 
0.0053 (10) 
0.0063 (10) 
0.0046 (10) 
-0.0025(11) 
-0.0006(12) 
0.0036 (13)

-0.0022(10) 
-0.0052 (11) 
-0.0020(10) 
0.0042 (10) 
-0.0025(10) 
-0.0019(10) 
0.0029(11) 
0.0051 (12) 
-0.0022 (12 

-0.0021(10) 
-0.0026(10) 
-0.0020(10) 
-0.0012(11 
0.0063 (12) 

0.0039(12)

0.0007(11)
0 .0048(11) 
0.0027(11) 

0 .0001(10) 
-0.0019(10) 
0.0005(10) 

0.0008(12) 
0.0008(12)
) -0.0080(13) 
-0.0031 (11) 
-0.0029(10) 
0 .00 2 1 (10 )
) 0.0016(11) 
0.0042(12)

-0 .0052(12)

_geom_special details

All esds (except the esd in the dihedral angle between two l.s. planes) 
are estimated using the full covariance matrix. The cell esds are taken 
into account individually in the estimation of esds in distances, angles 
and torsion angles; correlations between esds in cell parameters are 

only
used when they are defined by crystal symmetry. An approximate 
(isotropic)
treatment of cell esds is used for estimating esds involving l.s. 

planes.

loop_
_geom_bond_atom_site_label_l 
_geom_bond_atom_site_label_2 
_geom_bond_distance 
_geom_bond_site_symmetry_2 
_geom_bond_publ_flag
FI Cl 1 .368(5) . ■7

F2 Cl 1 .309(4) . ■y

F3 Cl 1 .298(4) . ■p

02 C8 1.216(3) . 9

N1 C8 1.359(3) . ■7

N1 C6 1.405(3) . 9

N2 C8 1.383(3) . 9

N2 C9 1 .405(3) . 9

N5 C14 1.321 (4) 9

N5 C15 1.357(3) 9

N6 C20 1.320(4) 9

N6 C16 1.359(3) 7

Cl C2 1 .493(4) . 9

C2 C3 1 .371(4) . 9

C2 C4 1 .390(4) . 9

C3 Cl 1 .380(4) . 9

C4 C5 1.371(4) . 9

C5 C6 1.387(4) . 9

C6 C7 1.386(4) . 9

C9 CIO 1.355(4) 9

C9 C17 1.451(4) 9

CIC Cll 1.426 (4) .
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Cll C15 1.405(4) 9
Cll C12 1.410 (4) 7
C12 C13 1.367 (4) 7
C13 C14 1.401 (4) 7
C15 C16 1.447 (4) 7
C16 C17 1.414 (4) 7
C17 C18 1.410 (4) 7
C18 C19 1.359(4) 7
C19 C20 1.398 (4) 7

loop_
_geom_angle_atom_site_label_l
_geom_angle_atom_site_label_2
_geom_angle_atom_site_label_3
_geom_angle
_geom_angle_site_symmetry_l 
_geom_ang1e_site_symmetry_3 
_geom_angle_publ_flag 

C8 N1 C6 127.7 (2) . . ?
C8 N2 C9 125.1 (2) . . ?
C14 N5 C15 117.4 (2) . . ?
C20 N6 C16 117.7 (2) . . ?
F3 Cl F2 109.1(3) . 7
F3 Cl FI 103.2(3) . 7
F2 Cl FI 103.5(3) . 7
F3 Cl C2 113.7(3) . 7
F2 Cl C2 114.4(3) . 7
FI Cl C2 111.8(3) . 7
C3 C2 C4 119.2(3) . 7
C3 C2 Cl 119.1(3) . 7
C4 C2 Cl 121.8(3) . 7
C2 C3 C7 121.3(3) . 7
C5 C4 C2 120.1(3) . 7
C4 C5 C6 120.6(3) . 7
C5 C6 C7 119.3(3) . 7
C5 C6 N1 116.2(2) . 7
C7 C6 N1 124.5(2) . 7
C3 Cl C6 119.5(3) . 7
02 C8 N1 125.4(2) . 7
02 C8 N2 122.7(2) . 7
N1 C8 N2 111.9(2) . 7
CIC C9 N2 122.4(2) . .
CIC C9 C17 120.1 (2) .
N2 C9 C17 117.5(2) . .
C9 CIO Cll 121.6(2) . . ?
C15 Cll C12 117.5(2) . . ?
C15 Cll CIO 120.2 (2) . . ?
C12 Cll CIO 122.3(2) . . ?
C13 C12 Cll 119.4 (3) . . ?
C12 C13 C14 118.6(3) . . ?
N5 C14 C13 124.0 (3) . . ?
N5 CIS Cll 123.0 (2) . . ?
N5 C15 C16 118.0(2) . . ?
Cll C15 C16 119.0(2) . . ?
N6 C16 C17 122.9 (2) . . ?
N6 C16 C15 117.3(2) . . ?
C17 C16 C15 119.8(2) . . ?
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C18 C17 C16 116.8(2) . . ?
CIS C17 C9 123.7 (2) . . ?
C16 C17 C9 119.3 (2) . . ?
C19 C18 C17 119.9(3) . . ?
C18 C19 C20 119.0(3) . . ?
N6 C20 C19 123.7(3) . . ?

_dif frn_measured_fraction_theta_max 
_diffrn_reflns_theta_full 
_diffrn_measured_fraction_theta_full 
_refine_diff_density_max 0.824
_refine_diff_density_min -0.413
_refine_diff_density_rms 0.072

1.000
25.00
1.000
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A1.5: Crystallographic data for (Cu2:874).(C104)4.(CH3CN)2

Identification code 

Empirical formula 
Formula weight 

Temperature 
Wavelength 

Crystal system 
Space group 

Unit cell dimensions

Volume
Z

Density (calculated) 
Absorption coefficient 
F(OOO)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta = 31.37°
Refinement method
Data / restraints / parameters
Goodness-of-fit on
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole

cs053Cu
C84 H58 C14 Cu2 FI2 N18 022

2168.38
150 K
0.71070 A
triclinic
P-1
a =  10.941(7) A 
b = 14.307(9) A 
c =  14.411(9) A 
2229(2) A3

a =  97.902(8)°. 
p= 91.04(2)°.

7 = 93.759(15)°.

1.616 Mg/m3 

0.707 mm-1 
1098
0.10 X 0.03 X 0.01 m . m ^

2.38 to 31.37°.
-15 ^  <15,-20 ^  ^ 0 , - 2 0  <1 ^ 0  
61977
13575 [R(int) = 0.2061]
92.6 %
Full-matrix least-squares on F^
13575 / 0 / 6 3 6  
2.098
R1 = 0.3400, wR2 = 0.5175 
R1 = 0.3968, wR2 = 0.5465 
1.880 a n d -1.352 e.A-3
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Al.5.1: GIF file for (Gu2:874).(C104)4.(CHiGN)2

data_cs053Cu

_audit_creation_method SHELXL-97
_cheraical_name_systematic

chemical_name_common ?
chemical_melting_point ?
chemical_formula_moiety ?
chemical_formula_sum 
'C88 H64 C14 Cu2 F12 N20 020' 
chemical_formula_weight 2218.4 9

loop_
_a t om_t yp e_s ymb o 1
_atom_type_description
_atom_type_scat_dispersion_real
_atom_type_scat_dispersion_imag
_atom_type_scat_source
'C 'C 0.0033 0.0016
'International Tables Vol C Tables 4.2.6.8 
'H' 'H' 0.0000 0.0000
'International Tables Vol C Tables 4.2.6.8 
'Cl' 'Cl' 0.1484 0.1585
'International Tables Vol C Tables 4.2.6.8 
'Cu' 'Cu' 0.3201 1.2651
'International Tables Vol C Tables 4.2.6.8 
'F' 'F' 0.0171 0.0103
'International Tables Vol C Tables 4.2.6.8 
'N' 'N' 0.0061 0.0033
'International Tables Vol C Tables 4.2.6.8 
'O' 'O' 0.0106 0.0060
'International Tables Vol C Tables 4.2.6.8

_symmetry_cell_setting
_syrnmetry_space_group_name_H-M

loop_
_s yitune t r y _e qu i v_po s_a s_x y z 
'x, y, z'
'-X, -y, -z'

_cell_length_a 10.941(7)
_cell_length_b 14.307(9)
_cell_length_c 14.411(9)
_cell_angle_alpha 97.902(8)
_cell_angle_beta 91.04(2)
_cell_angle_gamma 93.759(15)
_cell_volume 2229(2)
_cell_formula_units_Z 1
_cell_measurement_temperature 98(2)
_cell_measurement_reflns_used ?
cell measurement theta min ?

and 6.1.1. 4 ' 

and 6.1.1. 4' 

and 6 .1.1. 4' 

and 6.1.1. 4 ' 

and 6.1.1. 4 ' 

and 6.1.1. 4' 

and 6.1.1. 4'
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cell_measurement_theta_max

exptl_cryStal_description 
_exptl_crystal_colour 
exptl_crystal_size_max 
exptl_crystal_size_mid 
exptl_crystal_size_min 
exptl_crystal_density_meas 
exptl_crystal_density_di ffrn 
exptl_crystal_density_method 
exptl_crystal_F_000 
exptl_absorpt_coefficient_mu 
exptl_absorpt_correction_type 
exptl_absorpt_correction_T_min 
exptl_absorpt_correction_T_max 
exptl_absorpt_process_details

exptl_special_details

_diffrn_ambient_temperature 
_diffrn_radiation_wavelength 
_diffrn_radiation_type 
dif frn_radiation_source 
_diffrn_radiation_monochromator 
diffrn_measurement_device_type 
di f f rn_measurement_method 
diffrn_detector_area_resol_mean 
dif frn_standards_number 
dif frn_standards_interval_count 
di f f rn_st andards_i nte rval_t ime 
dif frn_standards_decay_% 
diffrn_reflns_number 
diffrn_reflns_av_R_equivalents 
diffrn_reflns_av_sigmal/netI 
dif frn_reflns_limit_h_min 
diffrn_reflns_limit_h_max 
di f f rn_re f1ns_limi t_k_mi n 
dif frn_reflns_limit_k_max 
di f f rn_re fin s_limi t_l_mi n 
diffrn_reflns_limit_l_max 
dif frn_reflns_theta_min 
dif frn_reflns_theta_max 
reflns_number_total 
reflns_number_gt 
reflns_threshold_expression

computing_data_collection 
computing_cell_refinement 
computing_data_reduction 
computing_structure_solution 
computing_strueture_refinement 
computing_molecular_graphics 
computing_publication_material

■y

9
■p
7
7
9
1.653
'not measured' 
1126 
0.7087
7
7
9

98 (2)
0.71070
MoK\a
'fine-focus sealed tube' 
graphite
7
7
7
7
7
7
7
43665
0.1787
0.1374
-13
13
-17
17
-17
17
2.38 
25. 00 
7829 
5858
>2sigma(I)

7
7
7
'SHELXS-97 (Sheldrick, 1990)' 
'SHELXL-97 (Sheldrick, 1997)'
7
9
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_refine_special_details

Refinement of against ALL reflections. The weighted R-factor wR
and
goodness of fit S are based on F^2^, conventional R-factors R are based
on F, with F set to zero for negative F'"2'". The threshold expression of
F''2̂  > 2sigma (F''2^) is used only for calculating R-f actors (gt) etc. and 

is
not relevant to the choice of reflections for refinement. R-factors 

based
on F̂ 2'' are statistically about twice as large as those based on F, and 

R-
factors based on ALL data will be even larger.

_refine_ls_structure_factor_coef Fsqd 
_refine_ls_matrix_type full
_refine_ls_weighting_scheme calc
_refine_ls_weighting_details 
'calc w=l/[\s''2''(Fo"2^) + (0.2000P)^2^+0.0000P] where P= (Fo^2''+2Fc^2") / 3 ' 

_ atom_sites_ solution_primary 
_atom_sites_solution_secondary 
_atom_sites_solution_hydrogens 
_refine_ls_hydrogen_treatment 
_refine_ls_extinction_method 
_refine _ls_extinction_coef 
_refine_ls_number_refIns 
_refine_ls_number_parameters 
_refine_ls_number_restraints 
_refine_ls_R_factor_al1 
_refine_ls_R_factor_gt 
_refine_ls_wR_factor_ref 
_refine_ls_wR_factor_gt 
_refine_ls_goodness_of_fi t_ref 
_refine_ls_restrained_S_all 
_refine_ls_shift/su_max 
_refine_ls_shift/su_mean

loop_
_at om_s i t e_labe1 
_atom_site_type_symbol 
_atom_site_fract_x 
_atom_site_fract_y 
_atom_site_fract_z 
_at om_s i t e_U_i s o_o r_e qui v 
_atom_site_adp_type 
_atom_site_occupancy 
_atom_site_symmetry_multiplicity 
_atom_site_calc_flag 
_atom_site_refinement_flags 
_atom_site_disorder_assembly 
_atom_site_disorder_group 

Cul Cu 0.55575(18) 0.74954(13) 0.43062(14) 0.0445(7) Uani l i d .  . .
FI F 0.5653(11) 0.3233(9) 0.0441(9) 0.082(4) Uani l i d .  . .
F2 F 0.7260(10) 0.4179(9) 0.0377(8) 0.082(4) Uani l i d . . .
F3 F 0.6809(12) 0.3599(8) 0.1642(7) 0.088(4) Uani l i d . . .
F4 F 0.194(3) -0.1214(17) -0.1121(11) 0.270(18) Uani l i d . . .

direct
difmap
geom
mixed
none
7
7829
660
0
0.2896
0.2529
0.5505
0.5266
1.854
1.854 
0.347 
0.015
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F5 F 0 . 0 4 3 1 ( 1 4 )  - 0 . 1 7 4 4 ( 9 )  - 0 . 0 4 2 8 ( 1 0 )  0 . 1 1 0 ( 5 )  U a n i  l i d . . .  
F6 F 0 . 2 1 5 2 ( 1 1 )  - 0 . 2 2 0 4 ( 1 1 )  - 0 . 0 1 2 6 ( 1 2 )  0 . 1 2 9 ( 7 )  U a n i  l i d . . .  
01  0  0 . 4 3 7 8 ( 1 2 )  0 . 2 3 2 3 ( 8 )  0 . 2 1 6 7 ( 9 )  0 . 0 6 9 ( 4 )  U a n i  l i d .  . .
OlO 0  0 . 4 9 2 2 ( 1 1 )  0 . 8 0 2 7 ( 8 )  0 . 3 1 1 7 ( 8 )  0 . 0 5 3 ( 3 )  U a n i  l i d .  . .
N1 N 0 . 2 4 8 1 ( 1 3 )  0 . 1 6 4 8 ( 1 0 )  0 . 2 5 8 0 ( 1 1 )  0 . 0 6 1 ( 4 )  U a n i  l i d .  . .
H5 H 0 . 1 9 4 5  0 . 1 7 0 0  0 . 3 0 2 9  0 . 0 7 3  U i s o  1 1 d  R . .
N2 N 0 . 4 1 6 8 ( 1 3 )  0 . 6 5 3 9 ( 9 )  0 . 4 1 8 4 ( 1 0 )  0 . 0 5 2 ( 4 )  U a n i  l i d .  . .
N3 N 0 . 6 5 7 1 ( 1 2 )  0 . 6 3 6 5 ( 1 0 )  0 . 4 0 9 1 ( 1 1 )  0 . 0 5 6 ( 4 )  U a n i  l i d .  . .
N4 N 0 . 3 0 7 7 ( 1 2 )  1 . 1 5 5 1 ( 1 0 )  0 . 5 7 5 1 ( 1 1 )  0 . 0 5 3 ( 4 )  U a n i  l i d . . .
N5 N 0 . 4 9 1 9 ( 1 3 )  1 . 1 5 1 7 ( 1 0 )  0 . 4 5 9 3 ( 9 )  0 . 0 5 2 ( 4 )  U a n i  l i d .  . .
N6 N 0 . 3 2 8 7 ( 1 2 )  0 . 3 0 9 6 ( 1 0 )  0 . 3 4 0 4 ( 9 )  0 . 0 5 7 ( 4 )  U a n i  l i d .  . .
H6 H 0 . 2 6 5 1  0 . 3 0 2 7  0 . 3 7 6 0  0 . 0 6 8  U i s o  1 1 d  R . .
N7 N 0 . 3 0 4 6 ( 1 3 )  0 . 8 5 8 4 ( 1 0 )  0 . 2 7 4 3 ( 1 1 )  0 . 0 6 0 ( 4 )  U a n i  l i d .  . .
H12 H 0 . 2 4 8 0  0 . 8 5 6 1  0 . 2 2 9 8  0 . 0 7 2  U i s o  1 1 d  R . .
N8 N 0 . 3 5 9 8 ( 1 3 )  0 . 7 1 3 5 ( 1 0 )  0 . 1 9 7 2 ( 9 )  0 . 0 5 0 ( 4 )  U a n i  l i d .  . .
H l l  H 0 . 2 9 1 2  0 . 7 1 3 6  0 . 1 6 4 4  0 . 0 6 1  U i s o  1 1 d  R . .
C l  C 0 . 1 6 1 ( 2 )  - 0 . 1 4 3 4 ( 1 4 )  - 0 . 0 3 3 7 ( 1 7 )  0 . 0 8 3 ( 8 )  U a n i  l i d .  . .
C2 C 0 . 1 8 4 ( 2 )  - 0 . 0 6 3 7 ( 1 6 )  0 . 0 4 3 1 ( 1 6 )  0 . 0 7 7 ( 6 )  U a n i  l i d .  . .
C3 C 0. 3 0 2 2 ( 1 8 )  - 0 . 0 2 2 7 ( 1 0 ) 0 . 0 6 0 0  (12) 0 . 0 5 7 ( 5 ) U a n i 1 1 d  . .
HI H 0. 36 7 1  - 0 . 0 4 8 4  0 . 0 2 4 2 0 . 0 6 8  U i s o 1 1 c a l c R . .
C4 C 0. 3 2 7 1 ( 1 9 )  0 . 0 5 4 1 ( 1 4 ) 0 . 1 2 7 1 ( 1 2 ) 0 . 0 6 7 ( 5 ) U a n i 1 1 d  . .
H2 H 0 . 4 0 8 0  0 . 0 8 3 2  0 . 1 3 4 5  0 . 0 8 0  U i s o  ] 1 c a l c  F
C5 C 0 . 2 3 5 1 ( 1 4 )  0 . 0 9 0 3 ( 1 0 ) 0 . 1 8 5 0 ( 1 2 ) 0 . 0 5 0 ( 5 ) U a n i 1 1 d  . .
C6 C 0 . 1 1 3 8 ( 1 6 )  0 . 0 4 1 2 ( 1 2 ) 0 . 1 7 1 3 ( 1 3 ) 0 . 0 5 9  (5) U a n i 1 1 d  . .
H4 H 0 . 0 4 9 3  0 . 0 6 0 0  0 . 2 1 1 5  0 . 0 7 1  U i s o  1 1 c a l c  R . .
Cl C 0. 0 9 3 6 ( 1 9 )  - 0 . 0 3 2 3 ( 1 1 ) 0 . 1 0 0 0  (14) 0 . 0 6 9 ( 6 ) U a n i 1 1 d  . .
H3 H 0. 0 1 3 4  - 0 . 0 6 2 3  0 . 0 8 9 9 0 . 0 8 3  U i s o 1 1 c a l c R . .
C8 C 0. 3 4 7 2 ( 1 6 )  0 . 2 3 7 7 ( 1 3 ) 0 . 2 6 5 5 ( 1 4 ) 0 . 0 6 0 ( 5 ) U a n i 1 1 d  . .
C9 C 0. 4 1 2 3 ( 1 5 )  0 . 3 8 8 5 ( 1 1 ) 0 . 3 5 6 5 ( 1 1 ) 0 .  048  (4) U a n i 1 1 d  . .
CIO C 0 . 5 2 8 1 ( 1 5 )  0 . 3 8 0 4 ( 1 1 ) 0 . 3 5 2 8  (11) 0 . 0 5 2 ( 5 ) U a n i 1 1 d  . .
H27 H 0 . 5 5 6 0  0 . 3 1 8 7  0 . 3 3 8 8 0 . 0 6 3  U i s o 1 1 c a l c R . .
C l l C 0 . 6 2 3 8 ( 1 7 )  0 . 4 6 3 6 ( 1 4 ) 0 . 3 6 9 4 ( 1 2 ) 0 . 0 5 9 ( 5 ) U a n i 1 1 d  . .
C12 C 0 . 7 5 2 4 ( 1 6 )  0 . 4 5 1 6 ( 1 3 ) 0 . 3 6 0 2  (11) 0 . 0 5 4 ( 5 ) U a n i 1 1 d . .
H26 H 0 . 7 8 4 2  0 . 3 9 1 9  0 . 3 4 1 9 0 . 0 6 5  U i s o 1 1 c a l c R . .
C13 C 0 . 8 2 7 2 ( 1 7 )  0 . 5 3 5 9 ( 1 2 ) 0 . 3 8 0 5  ( 13) 0 . 0 5 9 ( 5 ) U a n i 1 1 d  . .
H25 H 0 . 9 1 3 7  0 . 5 3 4 4  0 . 3 7 6 4 0 . 0 7 1  U i s o 1 1 c a l c R . .
C14 C 0 . 7 7 6 1 ( 1 5 )  0 . 6 2 0 1 ( 1 5 ) 0 . 4 0 6 3  ( 11) 0 . 0 5 8 ( 5 ) U a n i 1 1 d  . .
H24 H 0 . 8 3 2 0  0 . 6 7 3 4  0 . 4 2 4 5 0 . 0 6 9  U i s o 1 1 c a l c R . .
C15 C 0 . 3 6 6 9 ( 1 3 )  0 . 4 7 8 3 ( 1 1 ) 0 . 3 7 8 9  ( 11) 0 . 0 4 1  (4) U a n i 1 1 d  . .
C16 C 0 . 2 4 2 2 ( 1 8 )  0 . 5 0 1 0 ( 1 3 ) 0 . 3 8 1 7  ( 12) 0 . 0 6 7 ( 6 ) U a n i 1 1 d  . .
H28 H 0 . 1 8 0 9  0 . 4 5 0 2  0 . 3 7 1 6 0 . 0 8 0  U i s o 1 1 c a l c R . .
C17 C 0 . 2 0 4 0 ( 1 6 )  0 . 5 9 1 9 ( 1 1 ) 0 . 3 9 8 0 ( 1 0 ) 0 . 0 4 9 ( 4 ) U a n i 1 1 d  . .
H30 H 0 . 1 2 0 0  0 . 6 0 4 5  0 . 3 9 4 6 0 . 0 5 9  U i s o 1 1 c a l c R . .
C18 C 0 . 5 7 7 1 ( 1 7 )  0 . 5 5 3 8 ( 1 2 ) 0 . 3 9 4 3 ( 1 0 ) 0 . 0 5 0  (4) U a n i 1 1 d  . .
C19 C 0 . 4 5 1 1 ( 1 3 )  0 . 5 6 3 8 ( 1 2 ) 0 . 3 9 7 1 ( 1 1 ) 0 . 0 4 8  (4 ) U a n i 1 1 d  . .
C20 C 0 . 1 2 5 3 ( 1 1 )  1 . 0 0 8 5 ( 1 3 ) 0 . 5 6 6 6  ( 12) 0 . 0 5 3 ( 5 ) U a n i 1 1 d  . .
H17 H 0 . 0 6 1 1  0 . 9 6 0 0  0 . 5 6 2 8 0 . 0 6 4  U i s o 1 1 c a l c R . .
C21 C 0 . 5 8 6 7 ( 1 9 )  1 . 1 4 8 8 ( 1 6 ) 0 . 4 0 3 1  (14) 0 . 0 7 7  (6) U a n i 1 1 d  . .
H22 H 0 . 6 5 2 5  1 . 1 9 5 4  0 . 4 1 8 5 0 . 0 9 2  U i s o 1 1 c a l c R . .
C22 C 0 . 5 9 7 2 ( 1 9 )  1 . 0 8 4 8 ( 1 3 ) 0 . 3 2 5 4  ( 10) 0 . 0 6 7 ( 6 ) U a n i 1 1 d  . .
H21 H 0 . 6 6 3 2  1 . 0 9 2 3  0 . 2 8 4 5 0 . 0 8 1  U i s o 1 1 c a l c R . .
C23 C 0 . 5 1 1 2 ( 1 8 )  1 . 0 0 8 0 ( 1 6 ) 0 . 3 0 5 7 ( 1 3 ) 0 . 0 7 2 ( 6 ) U a n i 1 1 d  . .
H18 H 0 . 5 1 9 6  0 . 9 6 1 2  0 . 2 5 3 1 0 . 0 8 6  U i s o 1 1 c a l c R . .
C24 C 0 . 4 0 6 5 ( 1 4 )  1 . 0 0 1 1 ( 1 0 ) 0 . 3 6 8 5  ( 11) 0 . 0 4 3 ( 4 ) U a n i 1 1 d  . .
C25 C 0 . 4 0 1 7 ( 1 4 )  1 . 0 7 4 8 ( 1 1 ) 0 . 4 4 2 4  ( 13) 0 . 0 4 7  (4) U a n i 1 1 d  . .
C26 C 0 . 3 0 7 6 ( 1 3 )  1 . 0 8 1 7 ( 9 ) 0 . 4 9 8 5 ( 1 1 ) 0 . 0 4 1  (4) U a n i 1 1 d . .
C27 c 0 . 2 3 1 0 ( 1 5 )  1 . 1 5 3 5 ( 1 1 ) 0 . 6 3 6 0  (14) 0 . 0 5 4 ( 5 ) U a n i 1 1 d  . .

278



Appendix

H16 H 0.2367 1.2048 0.6856 0.065 Uiso 1 1 calc R . .
C28 C 0.1323(13) 1.0812(11) 0.6400(13) 0.047(4) Uani l i d .  . .
H23 H 0.0764 1.0840 0.6898 0.056 Uiso 1 1 calc R . .
C29 C 0.2155(14) 1.0065(11) 0.4961(13) 0.051(5) Uani l i d .  . .
C30 C 0.3037(16) 0.9363(11) 0.3566(13) 0.056(5) Uani l i d .  . .
C31 C 0.2133(14) 0.9327(12) 0.4174(13) 0.056(5) Uani l i d .  . .
H19 H 0.1500 0.8834 0.4089 0.067 Uiso 1 1 calc R . .
C32 C 0.631(2) 0.395(2) 0.0911(14) 0.086(8) Uani l i d . . .
C33 C 0.5584(19) 0.4834(13) 0.1228(11) 0.058(5) Uani l i d . . .
C34 C 0.4350(16) 0.4713(12) 0.1328(14) 0.058(5) Uani l i d .  . .
H7 H 0.3949 0.4097 0.1232 0.070 Uiso 1 1 calc R . .
C35 C 0.3682(16) 0.5504(10) 0.1571(11) 0.049(4) Uani l i d .  . .
H8 H 0.2815 0.5443 0.1602 0.059 Uiso 1 1 calc R . .
C36 C 0.4301(14) 0.6354(13) 0.1762(12) 0.053(4) Uani l i d .  . .
C37 C 0.5600(17) 0.6495(14) 0.1746(10) 0.059(5) Uani l i d .  . .
H9 H 0.6003 0.7104 0.1921 0.070 Uiso 1 1 calc R . .
C38 C 0.3001(17) 0.6670(12) 0.4205(11) 0.057(5) Uani l i d .  . .
H29 H 0.2764 0.7296 0.4380 0.068 Uiso 1 1 calc R . .
C39 C 0.6274(18) 0.5691(14) 0.1459(12) 0.065(5) Uani l i d .  . .
HIO H 0.7142 0.5737 0.1427 0.078 Uiso 1 1 calc R . .
C43 C 0.3926(19) 0.7912(11) 0.2644(13) 0.059(5) Uani l i d .  . .
N9 N 0.681(4) 0.9028(16) 0.1413(15) 0.178(15) Uani l i d .  . .
C41 C 0.707(4) 0.853(2) 0.0845(19) 0.147(14) Uani l i d .  . .
C42 C 0.736(2) 0.7839(15) 0.0063(14) 0.095(8) Uani l i d .  . .
H13 H 0.6981 0.7991 -0.0513 0.142 Uiso 1 1 calc R . .
H14 H 0.7057 0.7207 0.0174 0.142 Uiso 1 1 calc R . .
H15 H 0.8255 0.7855 -0.0003 0.142 Uiso 1 1 calc R . .
Cll Cl 0.9822(5) 0.2519(4) 0.4095(5) 0.0851(19) Uani l i d .  . .
02 0 1.0760(16) 0.1935(19) 0.4035(15) 0.166(10) Uani l i d .  . .
03 O 1.029(2) 0.3465(13) 0.4171(14) 0.144(8) Uani l i d .  . .
04 0 0.904(4) 0.2287(18) 0.345(4) 0.42(5) Uani l i d .  . .
05 O 0.926(5) 0.2333(14) 0.481(3) 0.42(4) Uani l i d . . .
C12 Cl 0.0083(5) 0.6987(4) 0.2071(6) 0.100(2) Uani l i d .  . .
06 0 0.070(3) 0.7849(17) 0.197(3) 0.237(17) Uani l i d . . .
07 0 -0.1099(14) 0.6986(19) 0.181(2) 0.225(16) Uani l i d .  . .
08 O 0.075(3) 0.639(2) 0.175(3) 0.37(4) Uani l i d .  . .
031 0 0.0257(19) 0.731(2) 0.312(3) 0.27(2) Uani l i d .  . .
C50 C 0.0854(16) 0.3730(14) 0.155(3) 0.148(18) Uani l i d .  . .
C51 C -0.005(4) 0.3956(18) 0.107(5) 0.42(5) Uani l i d .  . .
H51A H 0.0251 0.4194 0.0501 0.625 Uiso 1 1 calc R . .
H51B H -0.0480 0.4449 0.1444 0.625 Uiso 1 1 calc R . .
H51C H -0.0617 0.3398 0.0887 0.625 Uiso 1 1 calc R . .
N20 N 0.166(3) 0.3566(17) 0.1734(15) 0.118(8) Uani l i d .  . .

loop_
_a t om_s i t e_a n i s o_labe1 
_atom_site_aniso_U_ll 
_atom_site_aniso_U_22 
_atom_site_aniso_U_33 
_at om_ site_anis o_U_2 3 
_atom_site_aniso_U_l3 
_atom_site_aniso_U_12 

Cul 0.0542(13) 0.0323(11) 0.0460(12) 0.0082(8) -0.0082(9) -0.0069(9) 
FI 0.079(8) 0.078(8) 0.083(9) -0.017(7) -0.005(7) 0.034(7)
F2 0.069(7) 0.117(10) 0.056(7) -0.011(6) 0.014(6) 0.031(7)
F3 0.128(10) 0.083(8) 0.053(7) -0.007(6) -0.001(7) 0.055(8)
F4 0.43(4) 0.26(2) 0.061(10) -0.084(13) 0.089(16) -0.27(3)
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F5 0 . 1 2 2 ( 1 2 )  0 . 0 7 9 ( 9 )  0 . 1 2 1 ( 1 2 )  - 0 . 0 1 4 ( 8 )  - 0 . 0 4 5 ( 9 )  0 . 0 1 0 ( 8 )
F6 0 . 0 7 9 ( 9 )  0 . 1 0 0 ( 1 1 )  0 . 1 8 0 ( 1 6 )  - 0 . 0 9 0 ( 1 1 )  - 0 . 0 3 0 ( 9 )  0 . 0 2 8 ( 8 )
01 0 . 0 7 5 ( 9 )  0 . 0 5 2 ( 7 )  0 . 0 6 7 ( 9 )  - 0 . 0 3 5 ( 6 )  0 . 0 0 6 ( 7 )  - 0 . 0 0 3 ( 6 )
010 0 . 0 5 8 ( 7 )  0 . 0 4 8 ( 7 )  0 . 0 5 0 ( 7 )  0 . 0 0 6 ( 5 )  - 0 . 0 2 3 ( 6 )  - 0 . 0 0 5 ( 6 )
N1 0 . 0 5 7 ( 9 )  0 . 0 5 8 ( 9 )  0 . 0 6 9 ( 1 0 )  0 . 0 2 1 ( 8 )  0 . 0 2 3 ( 8 )  - 0 . 0 1 2 ( 7 )
N2 0 . 0 5 3 ( 9 )  0 . 0 3 8 ( 8 )  0 . 0 6 0 ( 1 0 )  - 0 . 0 0 7 ( 7 )  - 0 . 0 0 3 ( 7 )  0 . 0 0 2 ( 7 )
N3 0 . 0 4 3 ( 8 )  0 . 0 4 7 ( 8 )  0 . 0 7 4 ( 1 0 )  0 . 0 0 4 ( 7 )  - 0 . 0 1 5 ( 7 )  - 0 . 0 0 4 ( 7 )
N4 0 . 0 4 0 ( 8 )  0 . 0 5 7 ( 9 )  0 . 0 6 5 ( 1 0 )  0 . 0 2 0 ( 8 )  0 . 0 1 9 ( 7 )  0 . 0 0 1 ( 7 )
N5 0 . 0 5 9 ( 9 )  0 . 0 5 6 ( 9 )  0 . 0 4 3 ( 8 )  0 . 0 2 3 ( 7 )  0 . 0 1 3 ( 7 )  - 0 . 0 1 2 ( 7 )
N6 0 . 0 5 0 ( 8 )  0 . 0 6 7 ( 9 )  0 . 0 4 5 ( 8 )  - 0 . 0 1 3 ( 7 )  0 . 0 3 1 ( 7 )  - 0 . 0 2 2 ( 7 )
N7 0 . 0 6 2 ( 9 )  0 . 0 5 2 ( 9 )  0 . 0 6 4 ( 1 0 )  0 . 0 0 6 ( 7 )  0 . 0 0 3 ( 8 )  - 0 . 0 1 1 ( 7 )
N8 0 . 0 5 9 ( 9 )  0 . 0 6 0 ( 9 )  0 . 0 3 6 ( 8 )  0 . 0 0 9 ( 7 )  0 . 0 1 0 ( 7 )  0 . 0 2 6 ( 7 )
Cl  0 . 0 9 1 ( 1 6 )  0 . 0 5 0 ( 1 2 )  0 . 0 8 8 ( 1 7 )  - 0 . 0 4 9 ( 1 1 )  0 . 0 4 7 ( 1 4 )  - 0 . 0 2 5 ( 1 1 )
02 0 . 0 7 8 ( 1 5 )  0 . 0 7 8 ( 1 5 )  0 . 0 7 7 ( 1 5 )  0 . 0 1 2 ( 1 2 )  - 0 . 0 2 6 ( 1 2 )  0 . 0 1 5 ( 1 3 )
03 0 . 0 8 6 ( 1 4 )  0 . 0 1 5 ( 7 )  0 . 0 6 6 ( 1 2 )  - 0 . 0 2 0 ( 7 )  - 0 . 0 0 6 ( 1 0 )  0 . 0 3 3 ( 8 )
04 0 . 0 7 6 ( 1 3 )  0 . 0 7 7 ( 1 4 )  0 . 0 4 5 ( 1 1 )  0 . 0 0 1 ( 9 )  - 0 . 0 0 5 ( 1 0 )  0 . 0 1 9 ( 1 1 )
05  0 . 0 4 6 ( 9 )  0 . 0 2 1 ( 7 )  0 . 0 7 0 ( 1 2 )  - 0 . 0 4 1 ( 7 )  - 0 . 0 0 5 ( 8 )  0 . 0 0 8 ( 7 )
06 0 . 0 4 7 ( 1 0 )  0 . 0 5 8 ( 1 1 )  0 . 0 6 8 ( 1 2 )  - 0 . 0 0 1 ( 9 )  - 0 . 0 1 1 ( 9 )  0 . 0 0 0 ( 9 )
07 0 . 0 6 9 ( 1 3 )  0 . 0 3 3 ( 9 )  0 . 0 9 2 ( 1 5 )  - 0 . 0 3 0 ( 9 )  - 0 . 0 5 0 ( 1 2 )  - 0 . 0 0 7 ( 9 )
08 0 . 0 4 5 ( 1 0 )  0 . 0 5 6 ( 1 1 )  0 . 0 8 3 ( 1 4 )  0 . 0 1 3 ( 1 0 )  0 . 0 2 8 ( 1 0 )  0 . 0 1 4 ( 9 )
09 0 . 0 4 5 ( 1 0 )  0 . 0 5 0 ( 1 0 )  0 . 0 4 3 ( 9 )  - 0 . 0 0 1 ( 7 )  0 . 0 0 4 ( 8 )  - 0 . 0 2 8 ( 8 )
010 0 . 0 5 6 ( 1 1 )  0 . 0 4 2 ( 9 )  0 . 0 5 2 ( 1 1 )  - 0 . 0 0 7 ( 8 )  0 . 0 2 8 ( 9 )  - 0 . 0 2 2 ( 8 )
011 0 . 0 6 1 ( 1 2 )  0 . 0 7 7 ( 1 4 )  0 . 0 4 0 ( 1 0 )  0 . 0 1 3 ( 9 )  - 0 . 0 0 7 ( 9 )  0 . 0 0 3 ( 1 0 )
012 0 . 0 7 0 ( 1 2 )  0 . 0 5 6 ( 1 1 )  0 . 0 3 7 ( 9 )  0 . 0 2 4 ( 8 )  - 0 . 0 0 1 ( 8 )  - 0 . 0 1 8 ( 9 )
013  0 . 0 6 0 ( 1 1 )  0 . 0 4 1 ( 1 0 )  0 . 0 7 7 ( 1 3 )  0 . 0 0 1 ( 9 )  0 . 0 1 8 ( 1 0 )  0 . 0 1 5 ( 9 )
014 0 . 0 3 9 ( 1 0 )  0 . 1 0 2 ( 1 5 )  0 . 0 3 5 ( 9 )  0 . 0 2 4 ( 9 )  - 0 . 0 0 7 ( 7 )  0 . 0 0 3 ( 9 )
015  0 . 0 2 5 ( 8 )  0 . 0 5 1 ( 9 )  0 . 0 5 2 ( 1 0 )  0 . 0 1 7 ( 8 )  0 . 0 2 7 ( 7 )  0 . 0 0 2 ( 7 )
016  0 . 0 8 2 ( 1 4 )  0 . 0 6 6 ( 1 3 )  0 . 0 4 7 ( 1 1 )  0 . 0 0 3 ( 9 )  0 . 0 1 2 ( 1 0 )  - 0 . 0 3 6 ( 1 1 )
017 0 . 0 7 3 ( 1 1 )  0 . 0 4 4 ( 9 )  0 . 0 2 6 ( 8 )  - 0 . 0 1 3 ( 7 )  0 . 0 4 2 ( 8 )  - 0 . 0 0 7 ( 8 )
018 0 . 0 7 5 ( 1 2 )  0 . 0 5 7 ( 1 1 )  0 . 0 2 1 ( 8 )  0 . 0 2 1 ( 7 )  - 0 . 0 1 6 ( 8 )  - 0 . 0 0 3 ( 9 )
019  0 . 0 2 6 ( 8 )  0 . 0 7 3 ( 1 2 )  0 . 0 3 5 ( 9 )  - 0 . 0 1 1 ( 8 )  0 . 0 0 5 ( 7 )  - 0 . 0 3 2 ( 8 )
020  0 . 0 0 0 ( 6 )  0 . 0 8 7 ( 1 3 )  0 . 0 7 1 ( 1 2 )  0 . 0 1 9 ( 1 0 )  - 0 . 0 0 6 ( 7 )  - 0 . 0 1 7 ( 7 )
021 0 . 0 7 1 ( 1 4 )  0 . 0 9 9 ( 1 7 )  0 . 0 6 0 ( 1 3 )  0 . 0 3 1 ( 1 2 )  - 0 . 0 1 0 ( 1 1 )  - 0 . 0 3 2 ( 1 2 )
022 0 . 0 9 7 ( 1 5 )  0 . 0 8 2 ( 1 3 )  0 . 0 1 2 ( 8 )  - 0 . 0 1 2 ( 8 )  0 . 0 0 7 ( 8 )  - 0 . 0 4 0 ( 1 1 )
023 0 . 0 7 9 ( 1 4 )  0 . 0 9 7 ( 1 6 )  0 . 0 4 0 ( 1 1 )  0 . 0 2 3 ( 1 0 )  - 0 . 0 0 6 ( 1 0 )  - 0 . 0 1 4 ( 1 2 )
024 0 . 0 4 8 ( 9 )  0 . 0 2 6 ( 7 )  0 . 0 5 3 ( 1 0 )  - 0 . 0 0 9 ( 7 )  0 . 0 2 0 ( 8 )  0 . 0 2 5 ( 7 )
025  0 . 0 3 3 ( 9 )  0 . 0 3 8 ( 9 )  0 . 0 6 8 ( 1 2 )  - 0 . 0 0 1 ( 8 )  0 . 0 1 2 ( 8 )  0 . 0 0 7 ( 7 )
026  0 . 0 3 5 ( 8 )  0 . 0 1 5 ( 7 )  0 . 0 6 6 ( 1 1 )  - 0 . 0 1 4 ( 7 )  - 0 . 0 2 4 ( 8 )  0 . 0 0 1 ( 6 )
027 0 . 0 4 7 ( 1 0 )  0 . 0 3 3 ( 9 )  0 . 0 7 9 ( 1 3 )  0 . 0 0 7 ( 8 )  - 0 . 0 1 9 ( 1 0 )  - 0 . 0 2 0 ( 7 )
028 0 . 0 2 9 ( 8 )  0 . 0 4 4 ( 9 )  0 . 0 6 8 ( 1 2 )  0 . 0 1 3 ( 8 )  - 0 . 0 0 8 ( 8 )  - 0 . 0 0 1 ( 7 )
029 0 . 0 3 4 ( 9 )  0 . 0 4 1 ( 9 )  0 . 0 7 3 ( 1 2 )  0 . 0 0 0 ( 8 )  - 0 . 0 3 4 ( 9 )  - 0 . 0 0 2 ( 7 )
030 0 . 0 5 6 ( 1 1 )  0 . 0 3 6 ( 9 )  0 . 0 6 8 ( 1 2 )  - 0 . 0 0 4 ( 8 )  - 0 . 0 3 4 ( 1 0 )  - 0 . 0 1 9 ( 8 )
031 0 . 0 2 5 ( 8 )  0 . 0 5 9 ( 1 1 )  0 . 0 8 3 ( 1 4 )  0 . 0 1 0 ( 1 0 )  0 . 0 3 0 ( 9 )  - 0 . 0 0 3 ( 7 )
032 0 . 0 7 6 ( 1 4 )  0 . 1 6 ( 2 )  0 . 0 3 7 ( 1 1 )  0 . 0 6 3 ( 1 4 )  0 . 0 2 4 ( 1 1 )  0 . 0 1 0 ( 1 5 )
033  0 . 0 8 1 ( 1 4 )  0 . 0 6 3 ( 1 2 )  0 . 0 3 3 ( 9 )  0 . 0 0 3 ( 8 )  0 . 0 0 9 ( 9 )  0 . 0 3 2 ( 1 1 )
034 0 . 0 4 9 ( 1 1 )  0 . 0 3 8 ( 9 )  0 . 0 9 0 ( 1 4 )  0 . 0 2 1 ( 9 )  0 . 0 0 1 ( 1 0 )  0 . 0 0 3 ( 8 )
035  0 . 0 6 8 ( 1 1 )  0 . 0 3 1 ( 8 )  0 . 0 5 1 ( 1 0 )  0 . 0 2 5 ( 7 )  0 . 0 0 7 ( 8 )  - 0 . 0 1 3 ( 8 )
036  0 . 0 3 9 ( 1 0 )  0 . 0 6 9 ( 1 2 )  0 . 0 5 4 ( 1 1 )  0 . 0 1 8 ( 9 )  0 . 0 0 5 ( 8 )  - 0 . 0 0 6 ( 9 )
037 0 . 0 7 8 ( 1 3 )  0 . 0 8 2 ( 1 3 )  0 . 0 1 3 ( 7 )  - 0 . 0 1 0 ( 8 )  0 . 0 2 5 ( 8 )  0 . 0 1 0 ( 1 0 )
038 0 . 0 7 3 ( 1 3 )  0 . 0 5 0 ( 1 0 )  0 . 0 4 2 ( 1 0 )  0 . 0 1 2 ( 8 )  0 . 0 0 8 ( 9 )  - 0 . 0 4 0 ( 9 )
039 0 . 0 6 9 ( 1 2 )  0 . 0 7 8 ( 1 3 )  0 . 0 4 5 ( 1 1 )  0 . 0 1 2 ( 9 )  0 . 0 2 7 ( 9 )  - 0 . 0 2 8 ( 1 1 )
043  0 . 0 8 9 ( 1 5 )  0 . 0 2 7 ( 8 )  0 . 0 6 9 ( 1 2 )  0 . 0 1 6 ( 8 )  0 . 0 3 4 ( 1 1 )  0 . 0 3 4 ( 9 )
N9 0 . 3 9 ( 5 )  0 . 0 8 8 ( 1 6 )  0 . 0 6 5 ( 1 4 )  0 . 0 0 9 ( 1 2 )  0 . 1 1 ( 2 )  0 . 0 7 ( 2 )
041 0 . 2 8 ( 4 )  0 . 1 0 ( 2 )  0 . 0 6 7 ( 1 7 )  0 . 0 0 9 ( 1 5 )  0 . 0 8 ( 2 )  0 . 0 6 ( 2 )
042 0 . 1 6 ( 2 )  0 . 0 6 9 ( 1 4 )  0 . 0 5 1 ( 1 3 )  0 . 0 1 4 ( 1 1 )  0 . 0 2 3 ( 1 4 )  - 0 . 0 0 3 ( 1 5 )
011 0 . 0 5 7 ( 3 )  0 . 0 8 0 ( 4 )  0 . 1 0 1 ( 5 )  - 0 . 0 4 3 ( 3 )  0 . 0 2 2 ( 3 )  - 0 . 0 1 2 ( 3 )
02 0 . 0 9 2 ( 1 3 )  0 . 2 8 ( 3 )  0 . 1 7 ( 2 )  0 . 1 1 8 ( 1 9 )  0 . 0 7 5 ( 1 3 )  0 . 1 0 7 ( 1 6 )
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03 0.19(2) 0.103(14) 0.125(16) 0.024(12) -0.012(14) -0.089(14)
04 0.31(4) 0.077(18) 0.84(11) -0.06(4) -0.40(6) 0.05(2)
05 0.60(7) 0.038(11) 0.61(7) -0.03(2) 0.53(7) -0.02(2)
C12 0.056(3) 0.057(3) 0.181(7) -0.008(4) 0.002(4) 0.017(3)
06 0.22(3) 0.122(19) 0.37(4) 0.10(2) 0.00(3) -0.13(2)
07 0.045(10) 0.26(3) 0.30(3) -0.19(2) -0.074(14) 0.057(13)
08 0.22(3) 0.27(3) 0.54(6) -0.31(4) -0.26(4) 0.18(3)
031 0.073(15) 0.23(3) 0.46(6) -0.16(4) -0.06(2) 0.085(18)
C50 0.012(9) 0.031(10) 0.37(5) -0.083(18) 0.078(17) 0.008(8)
C51 0.23(4) 0.047(16) 0.92(15) -0.18(4) -0.09(6) 0.13(2)
N20 0.15(2) 0.110(18) 0.088(16) -0.015(13) 0.037(16) 0.018(17)

_geom_special_details
r

All esds (except the esd in the dihedral angle between two l.s. planes) 
are estimated using the full covariance matrix. The cell esds are taken 
into account individually in the estimation of esds in distances, angles 
and torsion angles; correlations between esds in cell parameters are 

only
used when they are defined by crystal symmetry. An approximate 
(isotropic)
treatment of cell esds is used for estimating esds involving l.s. 

planes.

loop_
_geom_bond_atom_site_label_l 
_geom_bond_atom_site_label_2 
_geom_bond_distance 
_geom_bond_site_symmetry_2 
_geom_bond_publ_flag 

Cul N2 1.966(14) . ?
Cul N4 1.967(14) 2_676 ?
Cul N3 2.012(14) . ?
Cul N5 2.072(14) 2_676 ?
Cul OlO 2.093(11) . ?
FI C32 1.31(3) . ?
F2 C32 1.36(2) . ?
F3 C32 1.35(2) . ?
F4 Cl 1.27(3) . ?
F5 Cl 1.33(2) . ?
F6 Cl 1.35 (3) . ?
01 C8 1.226(19) . ?
OlO C43 1.26(2) . ?
N1 C5 1.389(19) . ?
N1 C8 1.45(2) . ?
N1 H5 0.8800 . ?
N2 C38 1.30(2) . ?
N2 C19 1.36(2) . ?
N3 C14 1.34(2) . ?
N3 C18 1.41(2) . ?
N4 C27 1.23(2) . ?
N4 C26 1.415(19) . ?
N4 Cul 1.967(14) 2_676 ?
N5 C21 1.33(2) . ?
N5 C25 1.42(2) . ?
N5 Cul 2.072(14) 2 676 ?
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N6 C9 1 .396 (18)
N6 C8 1 .41(2) . 9

N6 H6 0 .8800 . 7
N7 C43 1.40(2) .
N7 C30 l.Sl (2) .
N7 H12 0.8800 . 7
N8 C43 1.39(2) .
N8 C36 1.40(2) .
N8 Hll 0.8799 . ■p

Cl C2 1.48(3) . ■p
C2 C7 1 .36(3) . 7
C2 C3 1 .39(3) . 9

C3 C4 1 .37(2) . 7
C3 HI 0 .9S00 . 7
C4 C5 1 .40(2) . 7
C4 H2 0 .9S00 . 7
C5 C6 1 .46(2) . 7
C6 C7 1 .37(2) . 7
C6 H4 0 .9S00 . 7
Cl H3 0 .9500 . 7
C9 CIO 1.28 (2)
C9 CIS 1.41 (2)
CIO Cll 1.S2(2)
CIO H27 0.9S00
Cll C18 1.42(2)
Cll C12 1.43(2) .
C12 C13 1.41(2) ,
C12 H26 0.9500
C13 C14 1.37(2) .
C13 H25 0.9500 ,
C14 H24 0.9500
CIS C16 1.42(2)
CIS C19 1.47(2)
C16 C17 1.38(2)
C16 H28 0.9500
C17 C38 1.45(2)
C17 H30 0.9500
C18 C19 1.40(2)
C20 C28 1. 37(2)
C20 C29 1.43(2)
C20 H17 0.9500
C21 C22 1.36(3)
C21 H22 0.9S00
C22 C23 1.39(2)
C22 H21 0.9500
C23 C24 1.48(2)
C23 H18 0.9500
C24 C25 1.40(2)
C24 C30 1.40(2)
C25 C26 1.32(2)
C26 C29 1.42(2)
C27 C28 1.45(2)
C27 H16 0.9500 .
C28 H23 0.9500 .
C29 C31 1.44(2) .
C30 C31 1.34(2) ,
C31 H19 0.9500 ,
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C32 C33 1.56(3) •p
C33 C34 1.36(2) 7
C33 C39 1.39(3) 9
C34 C35 1.39(2) 0
C34 H7 0.9500 .
C35 C36 1. 34(2) 7
C35 H8 0.9500 .
C36 C37 1.42(2) 9
C37 C39 1.42(3) 7
C37 H9 0.9500 .
C38 H29 0.9500 . 7
C39 HIO 0.9500 . 7
N9 C41 1.07(3) . 7
C41 C42 1.45(3) 7
C42 H13 0.9800 . 7
C42 H14 0.9800 . 7
C42 H15 0.9800 . 7
Cll 04 1.24(3) . 7
Cll 05 1.27(3) . 7
Cll 02 1.362(18) 7
Cll 03 1.404(16) 7
C12 08 1.21(2) . 7
C12 07 1.340(15) 7
C12 06 1.390(17) 7
C12 031 1.52(4) 7
C50 N20 0.98(3) 7
C50 C51 1.28(6) 7
C51 H51A 0.9816 o
C51 H51B 0.9818 9
C51 H51C 0.9817 9

loop
_geom_angle_atom_site_label_l
_geom_angle_atom_site_label_2
_geom_angle_atom_site_label_3
_geom_angle
_geom_angle_site_symmetry_l 
_geom_angle_site_syiranetry_3 
_geom_angle_publ_flag 

N2 Cul N4 172.4(6) . 2_676 ?
N2 Cul N3 83.9(6) . . ?
N4 Cul N3 96.0(6) 2_676 . ?
N2 Cul N5 103.5(5) . 2_676 ?
N4 Cul N5 81.5(6) 2_676 2_676 ? 
N3 Cul N5 138.7(6) . 2_676 ?
N2 Cul OlO 90.3(5) . . ?
N4 Cul OlO 83.0(5) 2_676 . ?
N3 Cul OlO 117.0(5) . . ?
N5 Cul OlO 103.6(5) 2_676 . ?
C43 OlO Cul 134.0(11) . . ?
C5 N1 C8 123.4(14) . . ?
C5 N1 H5 120.5 . . ?
C8 N1 H5 116.1 . . ?
C38 N2 C19 118.1 (14) . . ?
C38 N2 Cul 128.4 (11) . . ?
C19 N2 Cul 113.2 (10) . . ?
C14 N3 CIS 114.1(15) . . ?
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C14 N3 Cul 137.3(13) 
C18 N3 Cul 108.5(11) 
C27 N4 C26 121.0(15) 
C27 N4 Cul 127.6(13) 
C26 N4 Cul 111.4(10) 
C21 N5 C25 116.5(16) 
C21 N5 Cul 132.4(13) 
C25 N5 Cul 111.1 (10) 
C9 N6 C8 119.2(13) .
C9 N6 H6 122.2 . . ? 
C8 N6 H6 118.6 . . ? 
C43 N7 C30 123.4(15) 
C43 N7 H12 118.4 . .
C30 N7 H12 118.2 . . 
C43 N8 C36 124.5(15) 
C43 N8 Hll 118.3 . . 
C36 N8 Hll 117.1 . .

CIO C9 N6 121.6(16) 
CIO C9 C15 120.0(14 
N6 C9 C15 118.5(15)
C9 CIO Cll 124.0(16 
C9 CIO H27 118.0 .
Cll CIO H27 118.0 . . 
C18 Cll C12 122.3(17) 
C18 Cll CIO 115.5(16) 
C12 Cll CIO 122.2(17) 
C13 C12 Cll 114.2(17) 
C13 C12 H26 122.9 . . 
Cll C12 H26 122.9 . . 
C14 C13 C12 120.3(18)

2_67 6 ? 
2_67 6 ?

7
2_676 ? 
2_676 ?
9

F4 Cl F5 108(3) . . 7
F4 Cl F6 112(2) . . ■p

F5 Cl F6 102.3 (17) 7
F4 Cl C2 112.1(19) 7
F5 Cl C2 112.6(17) 7
F6 Cl C2 110(2) . . 7
Cl C2 C3 119.0(19) 7
Cl C2 Cl 122(2) . . 7
C3 C2 Cl 119(2) . . 7
C4 C3 C2 121.4(18) 7
C4 C3 HI 119.3 . .
C2 C3 HI 119.3 . .
C3 C4 C5 120.8 (18) 7
C3 C4 H2 119.6 . .
C5 C4 H2 119.6 . .
N1 C5 C4 127.1(15) 7
N1 C5 C6 116.0(14) 7
C4 C5 C6 116.8(14) 7
Cl C6 C5 119.4 (17) 7
Cl C6 H4 120.3 . .
C5 C6 H4 120.3 . .
C2 Cl C6 122.2(18) . 7
C2 Cl H3 118.9 . .
C6 Cl H3 118.9 . .
01 C8 N6 126.1(16) . 7
01 C8 N1 123.1 (17) 7
N6 C8 N1 110.6(14) 7
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C12 C13 H25 1 1 9 . 9  . . ?
N3 C14 C13 1 2 8 . 0  ( 19)  . 
N3 C14 H24 1 1 6 . 0  . . ? 
C13  C14 H24 1 1 6 . 0  . . ?
C9 C15 C16 1 2 7 . 6 ( 1 5 )  . 
C9 C15 C19 1 2 0 . 7  ( 13 )  . 
C16  C15 C19  1 1 1 . 6 ( 1 4 )  . 
C17 C16 C1 5  1 2 4 . 5 ( 1 6 )  . 
C17 C16 H28 1 1 7 . 7  . . ?
C15  C16 H28 1 1 7 . 7  . . ?
C16  C17 C38 1 1 6 . 0 ( 1 7 )  .
C16  C17 H30 1 2 2 . 0  . . ?
C38 C17 H30 1 2 2 . 0  . . ?
C19 C18 N3 1 1 8 . 3 ( 1 6 )  . 
C19  C18 C l l  1 2 1 . 0 ( 1 6 )  .
N3 C18 C l l  1 2 0 . 6 ( 1 6 )  . 
N2 C19 C18 1 1 5 . 9 ( 1 4 )  . 
N2 C19 C15 1 2 5 . 4 ( 1 4 )  .
C18 C19 C15
C28 C20 C2 9
C28 C20 H17
C29 C20 H17
N5 1C21 C22
N5 1C21 H22
C22 C21 H22
C21 C22 C23
C21 C22 H21
C23 C22 H21
C22 C23 C24
C22 C23 H18
C24 C23 H18
C25 C24 C30
C25 C24 C23
C30 C24 C23
C26 C25 C24
C26 C25 N5
C24 C25 N5
C25 C26 N4
C25 C26 C29
N4 1C26 C2 9
N4 1C27 C28
N4 1C27 H16
C28 C27 H16
C20 C28 C27
C20 C28 H2 3
C27 C28 H2 3
C26 C29 C20
C26 C2 9 C31
C20 C2 9 C31
C31 C30 C2 4
C31 C30 N7
C24 C30 N7
C30 C31 C2 9
C30 C31 H19
C29 C31 H19
F I  1C32 F3 1

1 1 8 . 7 ( 1 6 )  .
1 1 9 . 4 ( 1 4 )  .
1 2 0 . 3  . . ?
1 2 0 . 3  . . ? 

1 2 5 . 3 ( 1 9 )  . 
1 1 7 . 3  . . ?

1 1 7 . 3  . . ? 
1 1 9 . 9 ( 1 8 )  .
1 2 0 . 0  . . ? 
1 2 0 . 0  . . ? 
1 1 8 . 5 ( 1 8 )  .
1 2 0 . 7  . . ?
1 2 0 . 8  . . ? 
1 1 5 . 5 ( 1 4 )  . 
1 1 6 . 0 ( 1 6 )  . 
1 2 8 . 0 ( 1 6 )  . 
1 2 2 . 0 ( 1 4 )  .

1 1 4 . 5 ( 1 4 )  . 
1 2 3 . 3 ( 1 4 )  . 
1 2 0 . 7 ( 1 3 )  .

1 2 1 . 2 ( 1 4 )  .
1 1 6 . 9 ( 1 5 )  . 
1 2 6 . 7 ( 1 7 )  .
1 1 6 . 6  . . ? 

1 1 6 . 6  . . ? 
1 1 5 . 3 ( 1 6 )  .
1 2 2 . 3  . . ?
1 2 2 . 3  . . ? 
1 2 0 . 4 ( 1 5 )  . 
1 1 7 . 2 ( 1 6 )  . 
1 2 2 . 3 ( 1 4 )  . 
1 2 4 . 9 ( 1 6 )  .

1 1 8 . 3 ( 1 4 )  . 
1 1 6 . 4 ( 1 6 )  . 

1 1 7 . 4 ( 1 5 )  .
1 2 1 . 3  . . ?
1 2 1 . 3  . . ? 

0 5 . 0 ( 1 9 )  . .
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FI C32 F2 108. 1(18) . 7
F3 C32 F2 105. 6(17) . 7
FI C32 C33 114 .9(17) . 7
F3 C32 C33 112 .4(17) . 7
F2 C32 C33 110 .4(19) . 7
C34 C33 C39 124.5(17) . . ?
C34 C33 C32 118.7 (18) . . ?
C39 C33 C32 116.6(19) . . ?
C33 C34 C35 119.3(16) . . ?
C33 C34 H7 120.4 . . ?
C35 C34 H7 120.3 . . ?
C36 C35 C34 118.1(17) . . ?
C36 C35 H8 120.9 . . ?
C34 C35 H8 121.0 . . ?
C35 C36 NB 116.6(15) . . ?
C35 C36 C37 123.9(17) . . ?
N8 C36 C37 119.5(16) . . ? 
C36 C37 C39 117.7 (17) . . ?
C36 C37 H9 121.1 . . ?
C39 C37 H9 121.2 . . ?
N2 C38 C17 124.1(17) . . ?
N2 C38 H29 117.9 . . ?
C17 C38 H29 118.0 . . ?
C33 C39 C37 116.0(18) . . ?
C33 C39 HIO 122.0 . . ?
C37 C39 HIO 122.0 . . ?
OlO C43 N8 124.6(14) . . ?
OlO C43 N7 122.0 (17) . . ?
N8 C43 N7 113.4 (18) . . ?
N9 C41 C42 177 (5) . . ?
C41 C42 H13 109.5 . . ?
C41 C42 H14 109.5 . . ?
H13 C42 H14 109.5 . . ?
C41 C42 H15 109.5 . . ?
H13 C42 H15 109.5 . . ?
H14 C42 H15 109.5 . . ?
04 Cll 05 103(3) . . 7
04 Cll 02 112(2) . . 7
05 Cll 02 104(2) . . 7
04 Cll 03 114(2) . . 7
05 Cll 03 113.0(15) 7
02 Cll 03 110.0(15) 7
08 C12 07 123.4 (14) 7
08 C12 06 106(3) . . 7
07 C12 06 110(2) . . 7
08 C12 031 115(2) . 7
07 C12 031 110.6(14) .
06 C12 031 85(2) . . 7
N20 C50 C51 163(5) . . ?
C50 C51 H51A 109.3 . . ?
C50 C51 H51B 110.0 . . ?
H51A C51 H51B 109.2 . . ?
C50 C51 H51C 109.7 . . ?
H51A C51 H51C 109.3 . . ?
H51B C51 H51C 109.3 . . ?

diffrn measured fraction theta max 0.999
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diffrn_reflns_theta_full 25.00
diffrn measured fraction theta full 0.999
refine diff density max 1.681
refine diff' density min -1.028
refine diff’_density_ rms 0.182
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Appendix 2-UV-Vis titration and speciation data for Chapter 3

o
lA

.O<

230 240 250 260 270 280 290 300

Wavelength [nm]

310 320 330
'--Y---
340 350

F igure 1: UV-Visible spectra showing the changes in absorbance o f receptor 71 (4 (iM) upon gradual 
additions o f  CHjCOO' (0 ^  1.48 mM) in CHjCN.
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F igure  2: Speciation diagram for the UV-Visible titration o f  71 (L) with CH3COO' (G) in MeCN. Speciation 
is shown relative to the num ber o f  equivalents o f  CH 3C 0 0 '.
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GĈ CH3COO

•  data 
 fit

F igu re  3: Experimental binding isotherm for the UV-Visible titration o f  71 (4 |iM ) with CH 3 COO' and 
corresponding fit from SPECFIT. Data represented by the red circles, while the fit is represented by the solid 
black line.
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F igure  4: UV-Visible spectra showing the changes in absorbance o f  receptor 71 (4 |iM ) upon gradual 
additions o f  F' (0 —> 1.65 mM) in CH 3CN.
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F igure  5: Speciation diagram for the UV-Visibie titration o f  71 (L) with F  (G) in CH3CN. Speciatioi is 
shown relative to the number o f  equivalents o f  F'.
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F igu re  6 : Experimental binding isotherm for the UV-Visible titration o f  71 (4 nM ) with F  and correspondng 
fit from SPECFIT. Data represented by the red circles, while the fit is represented by the solid black line.

290



Appendix

0.18 n

0.16

0.14

3  0.12 ra
0)ocra.□ 0.08 
o
5  0.06 
<

0.04

0.02

230 250 270 290 310

Wavelength [nm]

F igure 7: U V -V isib le spectra show ing the changes in absorbance o f  receptor 71 (4 fiM) upon gradual 
additions o f  (0 —  1.72 mM ) in C H ,C N .

0.16 n

0.14

0.12

 ̂ 0.1 
o
c  0.08 n .p

0.06o
lAn
< 0.04

0.02

230 250 270 290 310

Wavelength [nm]
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Figure 9: Speciation diagram for the UV-Visibie titration o f  71 (L) with Cl' (G) in CHjCN . Speciation is 
shown relative to the number o f  equivalents o f  Cl'.
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F igure 10: Experimental binding isotherm for the UV-Visible titration o f  71 (4 (iM) with Cl' and 
corresponding fit from SPECFIT. Data represented by the red circles, while the fit is represented by the solid 
black line.
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F ig u re  11: U V -V isib le spectra show ing the changes in absorbance o f  recep tor 72 (4 (xM) upon gradual 
additions o f  C H jC O O ' (0 ->• 0 .77 m M ) in C H 3 CN.
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F ig u re  12: Speciation diagram  for the U V -V isib le  titration  o f  72 (L) w ith C H 3 C O O ' (G ) in C H 3 C N . 
Speciation is show n relative to the num ber o f  equivalen ts o f  C H sC O O '.
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F igure  13: Experimental binding isotherm for the UV-Visible titration o f  72 (4 jiM) with CH 3 COO' and 
corresponding fit from SPECFTT. Data represented by the red circles, while the fit is represented by the solid 
black line.
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Figure 14: UV-Visible spectra showing the changes in absorbance o f  receptor 72 (4 nM ) upon gradual 
additions o f  F  (0 ^  245 ^M ) in CH 3 CN.
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Figure 15: Speciation diagram for the U V -V is ib le  titration o f  72 (L) w ith F' (G) in C H jC N . Speciation is 
shown relative to the number o f  equivalents o f  F'.
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Figure 16: Experimental binding isotherm for the U V-V is ib le  titration o f 72 (4 | iM ) w ith F‘ and 
corresponding f it  from SPECFIT. Data represented by the red circles, while the f i t  is represented by the solid 
black line.
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F ig u r e  18: Speciation  diagram  for the U V -V is ib le  titration o f  72  (L) w ith H 2P2 0 7 ‘̂ (G ) in C H 3C N . Speciation  
is sh ow n relative to the num ber o f  equivalents o f H 2? 2 0 7 '̂.
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F igure  19: Experimental binding isotherm for the UV-Visible titration o f  72 (4 |j.M) with H2P 2 0 7 ‘̂ and 
corresponding fit from SPECFIT. Data represented by the red circles, while the fit is represented by the solid 
black line.
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F igure  20: UV-Visible spectra showing the changes in absorbance o f  receptor 72 (4 nM ) upon gradual 
additions o f  C l' (0 —> 2.38 mM) in CH 3CN.
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Figure 21: Experimental binding isotherm for the UV-Visible titration o f  72 (4 |iM ) with Cl' and 
corresponding fit from SPECFIT. Data represented by the red circles, while the fit is represented by the solid 
black line.
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F igure  22: Absorption spectra showing the changes in absorbance o f  model receptor 73 (4 jtM ) upon gradual 
additions o f  H 2P0 4 ' (0 —> 40.10 |iM ) in CH 3CN.
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F ig u r e  23: Speciation  diagram  for the U V -V is ib le  titration o f  7 3  (L ) w ith H 2P O 4 ' (G ) in C H jC N . Speciation  
is sh ow n  relative to the num ber o f  equ iva len ts o f  H 2 P 0 4 '.
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F igure  25: Absorption spectra showing the changes in absorbance o f  model receptor 73 (4 ^ M ) upon gradual 
additions o f  F  (0 —► 40.1 nM ) in CH 3CN.
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F igure  26: Speciation diagram for the U V -V is ib le  titration o f  73 (L ) w ith F  (G) in C H 3CN. Speciation is 
shown relative to the number o f  equivalents o fF '.
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Figure 27: Experimental binding isotherm for the U V -V isib le titration o f  73 (4 |xM) with F' and 
corresponding fit fi-om SPECFIT. Data represented by the red circles, w hile the fit is represented by the solid  
black line.
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Figure 28: Absorption spectra show ing the changes in absorbance o f  model receptor 73 (4 nM ) upon gradual 
additions o f  H 2P2 0 7 '̂ (0 ^  40.1 nM ) in CHjCN.
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Figure 29: Speciation diagram for the UV-Visible titration o f 73 (L) with H2P207 ‘̂ (G) in CH3CN. Speciation 
is shown relative to the number o f equivalents o f H2P207^‘.
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Figure 30: Experimental binding isotherm for the UV-Visible titration o f 73 (4 nM) with H2P207 ‘̂ and 
corresponding fit from SPECFIT. Data represented by the red circles, while the fit is represented by the solid 
black line.
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F igure  31: Absorption spectra showing the changes in absorbance o f  model receptor 73 (4 ^ M ) upon gradual 
additions o f  CT (0 —» 261 | iM ) in CH 3 CN.
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F igure 32: Speciation diagram fo r the U V -V is ib le  titration o f 73 (L ) w ith C l' (G) in C H 3CN. Speciation is 
shown relative to the number o f  equivalents o f  Cl'.
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corresponding fit fi-om SPECFIT. Data represented by the red circles, while the fit is represented by the solid 
black line.

304



Appendix

Appendix 3-Absorption, fluorescence, and speciation data for Chapter 4 

A3.1 Titration of 87 with anions
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F igure A 3.1.1: Absorption spectra o f  87  (4.8 |xM) upon gradual additions o f  H2P0 4 ' (0 —► 3.49 mM ) in 
CHjCN.
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F igure A 3 .U :  Fluorescence em ission spectra o f  87 (4.8 ^M) upon gradual additions o f  H2P0 4 ' (0 —► 3.49  
mM) in CHjCN.

305



Appendix

100
70 i» 80

60

 G:L40

>..■e
c  30 0 100 200 300 400 500 600 700

•  data
10

0 100 200 300 400 500 600 700 800

eq H2P0 4 '

Figure A 3 .13 : Experimental binding isotherm and corresponding fit at 422 nm for the fluorescence titration 
o f  87 (L) with H 2 PO 4  (G) (0 —> 3.49 mM) in CH 3 CN. Insert: Speciation diagram showing the formation o f  
the 1:1 (G:L) complex.
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F igure  A3.1.4: Fluorescence emission spectra o f  87 (4.8 nM) upon gradual additions o f  F  (0 —+ 2.95 mM) in 
CH 3 CN.
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F igure  A3.1.5: Fluorescence emission spectra o f  87 (4.8 |iM ) upon gradual additions o f  Cl' (0 —► 17.50 mM) 
in CHjCN.

A3.2 Speciation diagrams for the titration of 87 with Cu(II)
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F igure  A3.2: Speciation distribution diagram for the UV-visible titration o f  87 (L) with Cu(Il) (M), in 
CHjCN.
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Figure A3.2.1: Speciation distribution diagram for the fluorescence emission titration o f 87 (L) with Cu(ll) 
(M), in CHjCN.

A3.3 Titration o f F e : 8 7 2  with anions
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Figure A 33.1: Absorption spectra o f  the Fe(II) complex o f  87 (4 îM) upon gradual additions o f F  (0 —+ 
12.90 /iM) in CH3CN. Insert: The changes in the absorbance at 265 nm as a function o f  the number 
equivalents o f F .
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Figure A33.1.1: Absorption spectra o f  the Fe(ll) complex o f  87 (4 jiM) upon gradual additions o f Cl' (0 —> 
16.60 /iM) in CHjCN. Insert: The changes in the absorbance at 285 nm as a function o f  the number 
equivalents o f Cl'.
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Figure A 33 .12: Absorption spectra o f  the Fe(II) complex o f 87 (4 ^M) upon gradual additions o f H2P2 0 7 '̂ 
(0 —♦ 11.00 fiM) in CHjCN. Insert: The changes in the absorbance at 265 nm as a function o f the number 
equivalents o f H2P2 0 7 '̂.
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A 3 .3 .2  F lu o r e sc e n c e  em iss io n  t itr a t io n s  o f  Fe:8?2 w ith  a n io n s
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Figure A33.2: Fluorescence emission spectra of the Fe(II) complex of 87 (4 |iM) upon gradual additions of 
F' (0 —► 12.90 /^M) in CH3 CN, when exciting at 520 nm.
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Figure A3.32.1: Fluorescence emission spectra of the Fe(II) complex of 87 (4 |iM) upon gradual additions 
o f F  (0 —♦ 12.90 fiM) in CH3 CN. Insert; The changes in the fluorescence intensity at 422 nm as a function of 
the number equivalents of F .
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Figure A 3 3 2 2 :  Fluorescence emission spectra o f  the Fe(II) complex of 87 (4 ^M) upon gradual additions 
ofCr (0 —► 16.60 fiM) in CH3CN. Insert: The changes in the fluorescence intensity at 422 nm as a function o f  
the number equivalents o f CT.
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equivalents o f F'.
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F igu re  A3.4.1.2: Absorption spectra o f  the Cu(II) complex o f  87 (4 ^M ) upon gradual additions o f  H 2 PO 4 ' (0 
—► 12.70 /tM) in CH 3CN. Insert: The changes in the absorbance at 262 nm as a function o f  the number 
equivalents o f  H 2 P0 4 '.
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Figure A3.4.13: Absorption spectra o f  the Cu(II) complex o f  87 (4 ^M) upon gradual additions o f  H 2 P2 0 7 ‘̂ 
(0 —► 16.60 /iM) in CH3 CN. Insert: The changes in the absorbance at 290 nm as a function o f the number 
equivalents o f H 2 P 2 0 7 '̂.
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Figure A 3A 2: Fluorescence emission spectra o f the Cu(II) complex o f 87 (4 ^M) upon gradual additions o f 
H2 PO 4  (0 —► 12.70 ^M) in CH 3 CN. Insert: The changes in the fluorescence intensity at 422 nm as a fianction 
o f the number equivalents o f  H 2 P0 4 '.
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F igure  A 3.42 .1 : Fluorescence emission spectra o f  the Cu(II) complex o f  87 (4 |iM ) upon gradual additions 
o f  H2P2 0 7 '̂ (0 —► 16.60 /iM) in CHjCN. Insert: The changes in the fluorescence intensity at 422 nm as a 
function o f  the num ber equivalents o f  H2P2 0 7 ’̂.
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F igure  A 3 .4 2 2 : Fluorescence emission spectra o f  the Cu(II) complex o f  87 (4 ^M ) upon gradual additions 
o f F  (0 —> 19.50 /iM) in CH 3CN. Insert: The changes in the fluorescence intensity at 422 nm as a function o f  
the number equivalents o f  F'.
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F igure  A 3 .4 2 J : Fluorescence emission spectra o f  the C u(II) complex o f  87 (4 ^M ) upon gradual additions 
ofCr (0 —► 9.13 /iM ) in C H jCN . Insert; The changes in the fluorescence intensity at 422 nm as a function o f  
the number equivalents o f  CT.
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pH driven self-assembly of a ternary lanthanide luminescence complex: 
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The synthesis and the photophysical evaluation of a novel pH 
dependent lanthanide luminescent self-assembly in water 
between a cyclen based europium complex and a P-diketonate 
is described and its use as a luminescent sensor in displacement 
assays for anions such as acetate, bicarbonate and lactate, where 
the Eu(ui) emission was quenched upon anion recognition.

The design and synthesis o f  self-assembly architectures from 
structurally defined building blocks is at the centre o f  supra- 
m olecular chem istry.' Often such structures can be self-assembled, 
de-assembled. structurally altered or their function m odulated by 
external controls, o r  inputs, such as light, electrochemistry o r by 
using chemical inputs.’’̂  W e are interested in the form ation o f  such 
functional self-assemblies from lanthanide ions and we have 
developed both mixed f~d metal ion self-assemblies as well as 
luminescent lanthanide ternary complexes using coordinating 
anions and Tb(ll1) based cyclen complexes."'"^ In this communica- 
lion we dem onstrate the form ation o f  a  new functional 
luminescent self-assembly ternary complex* between the hepta- 
dentate europium complex l Eu and the arom atic based 
(3-diketonate 4. M oreover, we dem onstrate that the self-assembly 
formation is highly pH  dependent and that we a m  employ this 
assembly at physiological pH  as a luminescent sensor for anions.

The P-diketonates are well known to form stable complexes with 
lanthanide ions u.sually in 3 : 1 stoichiometry. M oreover, such 
aim plexes m ade from arom atic based P-diketonates can be highly 
luminescent as dem onstrated by Tsukube et al., where the 
P-diketonates acts as a sensitising antenna for the lanthanide 
ion.’'^ However, often such lanthanide complexes have coordinat
ing solvent molecules, such as water, which can quench the 
lanthanide excited state through O -H  vibrational deactivation.'" 
O ur objective was to take advantage o f this quenching process and 
use coordinatively unsaturated lanthanide complexes, e.g. I Ln, 
which have two metal bound w ater molecules, and complex these 
with arom atic P-diketonates such as 2-4, Scheme I. This would 
lead to  the form ation o f  ternary self-assembly complexes, provided 
that the P-diketonates could displace the aforementioned metal 
bound water molecules, and as such, remove this quenching 
pathway. We also foresaw that the formation of these self- 
assemblies could be pH  dependent, as both I Ln and the stm cture 
o f  the antennae could be pH  dependent.'” Herein, we present our

School o f Chemislry, Centre fo r Synthesis and Chemical Biology, Trinity 
College Dublin, Duhlin 2, Ireland. E-mail: gunnlaut@lcd. ie:
Fax: +35S 1671 2H26: Tel: +.?5i I 60S 3459
+ Electronic supplem entary inform ation (ESI) available: Potentiom etric 
titrations and general experim ental. See DOI: I0.10.'59/b6ll487c

1 .L n
L n  <  E u ( l l l | 
L n  =  T b  (III) 
L n  =  S m  (III) 4

Schem e I The X-ray crystal structure o f  the pro tonated  (as the HCI salt) 
form o f  I (Cl has been removed for clarity); I Ln and  the p-diketonates.

results, which are, to the best o f  our knowledge, the first examples 
o f  such pH driven self-assembly and the use o f this temar>' 
complex as a luminescent sensor for anions, where the Eu(III) 
emission was quenchcd o r '.switched o f f  upon displacing the 
P-diketonate antenna by the anions."

The synthesis o f  1 has previously been described by us, which 
involved the use o f c^clen and the Af,iV-dimethyl-0(-chloroamide in 
a single step.'^ The 'H  N M R  (400 M Hz, CDCIj) o f  1 showed the 
expected Ci symmetry. We were also able to grow crystals o f  1, 
suitable for X-ray crystal structure analysis. Scheme 1, by slow 
evaporation from a m ethanol-C H iC U  solution, which confirmed 
the stnicture o f I HCI.'^ The corresponding Eu(iii), Sm(iii) and 
Tb(iii) complexes o f l Eu, I Sm and I Tb, were all formed from 
the corresponding lanthanide triflate salts. The X-ray crystal 
stnictures o f  l Eu and 1 T b  showed that the lanthanide ions were 
coordinating to the four nitrogens o f the ring and the oxygen o f 
the three acetamide amis.^ In both cases, the remaining two 
coordination sides were occupied by metal bound water mole
cules.*’ By measuring the excited state lifetimes o f  1 Eu and 1 T b in 
H iO  and D^O, the hydration state (q), the num ber o f  metal bound 
water molecules, was also confirmed to be two in solution.*’ ''* We 
next evaluated the ability o f  the three antennae, 2 -4  to sensitize the 
lanthanide excited states o f  I Ln by populating the lanthanide 
excited states (which under norm al conditions is difTicult to do 
directly due to symmetry forbidden f - f  transitions)’ in pH  7.4 
buffered solutions and in the presence o f 0.1 M TM A C l. As the 
complexes do not have incorporated antenna themselves,'” we 
used the for the three P-diketonates as the excitation
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wavelengths. Excitation o f  l Eu, I Sm  and 1 T b  at these 
wavelengths, in the absence o f  the antennae did not result in any 
lanthanide luminescence, as expected. W e next carried out 
spectrophotometric titrations, observing the lanthanide an issions 
for l Eu, I Sm  and I Tb, upon increasing concentrations o f  2-4 . 
For these titrations, only the characteristic Eu(lll) emission, 
occurring at 595, 616, 685 and 70() nm for the deactivation o f  
the 'Do excited state to ’ l-'y (7  =  I, 2, 3 and 4) was observed.’ 
M oreover, the Eu(lli) emission was only visible upon fom iing a 
com plex between l Eu and 4  =  336 nm); l.Eu-4. Here the
Eu(lll) em ission was found to be fully 'sw itdw d on after the 
addition o f  ca. one equivalent o f  4, Fig, I, indicating the formation  
o f  a I : 1 com plex in solution,^ These luminescence changes clearly 
signified that 4  is able to populate the 'Du excited state efficiently, 
which could only occur if the antenna w as directly coordinating to 
the Eu(III) centre, since the efficiency o f  the energy transfer is 
distance dependent,^'’ For these changes a quantum  yield o f  
luminescence, 0uu. o f  0,028 w as delen-nined by a m ethod recently 
developed by Biinzli e t al.'^ A s neither 2 nor 3 were found to 
m odulate the em issions o f  l Eu, I Sm or 1 T b , this strongly 
suggests that the structural as well as tiie physical nature (e.g. 
excited state energy, pA'̂ ,, etc.) o f  the p-diketonates is crucial to 
their ability to coordinate to these ions. The fonnation o f  the 
assembly should only be possible by the displacem ent o f  the two 
metal bound water molecules,'’ Indeed q ~  0  (th^q =  0,38 m s ;md 
Tn,o = 0,42 ms upon excitation o f  4  at 336 nm ) w as observed for 
l Eu, in the presence o f  two eq. o f  4. T he structure o f  the self- 
assembly l  E u -4  can also be predicted by analysing the changes 
for the individual transitions in l-'ig, 1. Here, the hypersensitive 
A / =  2, centred at 616 nm, gave rise to the largest changes in the 
Eu(lII) emission. A s A7 =  2 is sensitive to the change to the local 
coordination environm ent we can conclude that 4  is coordinating 
directly to the ion centre.

W e next evaluated formation o f  the com plex as a function o f  
pH , by m ixing together in a 1 ; 1 stoichiometry l Eu and 4, and 
observing the changes in the Eu(lll) emission as a function o f  pH. 
Here the em ission was found to be highly pH sensitive by titrating 
an acid solution with base. Fig. 2, where m aximum  intensity was 
observed arotuid pH 6.5. A s before, the largest em ission changes 
were observed for X J ~  2 transition. M oreover, the Eu(iil) 
em ission changes were also visible under a U V  lam p as can be seen 
in Fig, 3, Here the red Eu(lll) emission w as only observed upon 
formation o f  the self-assembly (recorded at pH 7.5). while in either 
acid (pH <  4) or alkaline solutions (pH  >  9.3), the assembly  
dissociated and the blue fluorescence emission o f  4 w;is observed.
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Fig. 2 The changes in the Eu(lil) emission of l Eu u(x>n titration with 4 
as a function o f pH. being switched ‘on olT upon basification. Insert', the 
changes in the 616 nm transition as a function o f pH,
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Fig. 1 The changes in the Eu(lll) emission of l Eu upon titration with 4 
at pH = 7,4 (0.1 M HEPES) and in the presence o f 0.1 M TMACI,

Kig. 3 Schematic representation o f the luminescent Eu(lll) ternary self- 
assembly l Eu 4  at pH 7.5 (red Eu(III) emission) and the dissociation of 
the assembly in acid at pH 2 and alkaline solution at pH = 12 (blue 
emission from the P-diketonate).

W e also attempted to determine the hydrtition state o f  1 Eu, in the 
presence o f  4, at both pH 2 and pH 11, W hile this gave = 2.1 in 
acid ( th ,o  =  0.27 ms and TDjO = 0.59 ms upon excitation at 
395 nm), w e were unable to detennine q  accurately in alkaline 
solution, possibly because o f  the deprotomition o f  the metal bound  
water molecules at this pH. Nevertheless, these results dem onstrate 
that the formation o f  the self-assembly is pH driven.

W e also observed the changes in the absorption and the 
lluorescence emission spectra o f  4 as a function o f  pH, On both  
occasions signifiaint changes were observed where the ground and  
the excited states were modukited between pH 4 -8 ,t  With the aim  
o f  gaining further insight into the nature o f  the Eu(lll) com plex pH  
dependence, we carried out potentiometric pH titrations on 1 and 
l E u t using a glass electfode. From these titrations w e can 
conclude that the com plex is highly stable with respect to metal 
dissociation with stability constant log,K o f  17,17 ( + 0 ,0 2 ), F or 1, 
we were only able to determine two pAa’s with the non-linear least 
squares regression programme H Y P E R Q U A D , these being pÂ ai 
= 8.06 ( +  0,07), pa's? =  2.33 (± 0 .0 8 ) ,t  For l Eu, there are three 
possible sites for protonation; two assigned to the metal bound  
water molecules [l EuO H i and l Eu(O H 2 )2 l and the third o n e  to 
the pA'a o f  the secondary am ine o f  the cyclen ring. T he latter o f  
these we were unable to determine, as it is expected to be highly
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Fig. 4 (A) The changes in the recorded Eu(ril) einission at 616 nm at pH 
7.4. The tertiary complex is shown for comparison. B) The changes 
observed under a UV-Vis lamp clearly .showing naked eye intensity 
changes for the same anions in A. TBA =  tetrabuytlammonium salts.

acidic due to  the presence o f  the Eu(III) ion. However, we were 
able to determine two pA'„ values o f  7.06 (± 0 .0 8 )  and 6.53 
( ±  0 .02), assigned to the deprotonation o f  the two metal bound 
water m olecules. From the speciation diagram (see E S lt) it can be 
seen that when the Eu(iii) emission is ccl 90% enhanced (Fig. 2), 
the pH is c a  6 and that the m ost dom inant species in solution Ls in 
fact the l EulOHi)^. Hence, the binding o f  4 to l Eu(O H 2)2 within 
the pH w indow o f  4 -7  is associated with the deprotonation o f  the 
Ti-proton in 4  {c.f. ESI for the spectro-photom etric pH titration o f  
4). and not the metal bound waters. In m ore alkaline solution the 
formation o f  l EuOH and l E utO H ji prevents the binding o f  the 
antenna due to electrostiitic repulsion.

The self-assembly ternary complex l E u -4  can also be 
considered as a potential luminescent sensor, as it should be 
possible to replace the coordinating antenna with other suiUible 
coordinating ligands such as anions.'’* "’ This could possibly give 
ri.se to tlie formation o f  lanthanide based ‘displacement assays', 
complimentary to those developed by Anslyn et where, the 
Eu(iii) emission would be expected to be reduced upon displace
ment o f  4, as energy transfer from the antenna would be 
prevented. T o  evaluate this hypothesis, w e carried out quantitative 
analysis by adding various anions ( ~  1 m M ) to a solution o f  the 
above ternary complex at pH 7.4 (emission c a  50% 'switched o n )  
in the presence o f  0.1 M TM A C l. U pon addition o f  anions such as 
Br , CIO4 \  PF^ and N O t to I E u -4  no significant Eu(III) 
emission changes were observed, while for I and H 2PO4 the 
Eu(III) em ission at 616 nm was reduced in intensity by 20-40'/o.t 
This indicates that som e displacement o f  the antenna had 
occurred. In contrast to these results, the use o f  sodium  tartarate. 
lactic acid. F  , CHjCO? , K H C O i gave m ore pronounced  
luminescent changes as can be seen in Fig. 4A  for the 616 nm 
transition. M oreover, these changes were also clearly distinguish
able by the naked-eye under a U V  lamp. Fig. 4B. W e also carried 
out m ore detailed anion titrations on l E u -4  using sodium  
tartarate, lactic acid and N aH C O j at pH 7.5, which showed that 
the Eu(lll) emission was gradually reduced.t These results clearly 
dem onstrate that such self-assembly ternary lanthanide com plexes 
can be em ployed in the sensing o f  anions in a displacement type 
assay. T o the best o f  our knowledge, such anion sensing has not 
been demonstrated before using lanthanide based luminescent 
ternary com plexes.

In summary, we have demonstrated the successful formation o f  
a luminescent Eu(lII) ternary com plex l E u -4  in water, where the 
self-assembly is highly pH dependent, and that the resulting 
com plex can be em ployed as a luminescent sensor for anions (at 
pH  7.4), where the P-diketonate antenna 4  is displaced with  
concom itant changes in the Eu(iii) emission.

W e thank Enterprise Ireland, IR C SET and T C D  for financial 
support.
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Abstract—The urea functionalised phenanthroline sensor 1, which was characterised by several methods, including X-ray crystal
lography, gives rise to large changes in the fluorescence emission spectra upon interaction with several anions such as acetate, phos
phate, fluoride and chloride in C H jCN . However, only in the presence of Cl^ was the emission enhanced, as for the other ions 
photoinduced electron transfer (PET) quenching was observed. Fitting these fluorescence changes, using non-linear regression anal- 

I ysis, showed that these anions bind to 1 in 1:1 (anionisensor) stoichiometry, with the exception of Cl , which was shown to give rise 
: to 1:1 as well as 1:2 binding, as a result o f coordination o f the chloride to two equivalents o f 1.
' © 2007 Elsevier Ltd. All rights reserved.

The recognition and sensing o f  anions has become a 
very topical area o f research in the field o f supram ole- 
cular chem istry.' ^  A nions play a m ajor function in 
the environm ent, industry  and im portantly , in biology 
where phosphate, ca rbonate  and chloride are the most 
com m only found. In particu lar, C l“ which has relatively 
high extracellular concentrations, is essential to  hum an 
health and is transported  across cell m em branes by var
ious C P  proteins, often in conjunction with cation 
transportation.'^ Due to  its spherical structure and rela
tive large ionic radius, C l“ recognition is no t trivial, and 
often requires the use o f  structurally  com plex hosts, such 
as those developed by Davis^ and Smith.* N atu re  often 
transports  C r  in the form  o f  ion pairs and non-peptide 
based natural transporte rs are known such as the prodi- 
giosins, which can tran sp o rt H C l.’ A few examples o f 
such transport mimics have recently been published by 
Sessler et al. and by G ale and co-w orkers respectively.* '̂  
These examples dem onstrate  the feasibility o f  the use of 
small and hence, structurally  simple molecules for such 
recognition. We are interested in the recognition and 
sensing o f  anions^ '® using either lanthanide based coo r
d ination  com plexes," o r charge neutral receptors such 
as u reas,'"  th io u re a s '’ and amidoureas.'"^ F o r these lat
ter examples, the detection  o f  ions such as A cO “ , 
H 2P0  ̂ , pyrophosphate and has been dem onstrated 
selectively over m any o ther anions such as C P , Br~ and 
I . However, in recent w ork, where we focused our 
eflForts on the developm ent o f  heteroditopic receptors.

’ C o rresp o n d in g  au th o r. Tel.: + 353  I 8%  3459; fax: + 353  1 671 
2826; e-mail: g u n n lau t(^ tcd .ie

we synthesised the 1, 10-phenanthro line (phen) based 
urea ligand 1 (o f which the X-ray crystal s tructu re  is 
shown in Fig. 1 and investigated the effect that anion 
coord ination  had on the photophysical properties o f  the 
phen structure. Interestingly, we discovered tha t while 1 
could strongly bind to a series o f anions in C H 3C N  solu
tion, the sensing o f  C P  by 1 was particularly  interesting 
being both  strong and achieved by the form ation o f  a 
2:1 self-assembly complex between 1 and C P . This is, 
to  the best o f our knowledge, the first example o f  a sim
ple charge neutral fluorescent sensor which dem on
strates both strong and good selectivity for C P . '*

T he synthesis o f  1 was achieved in a few high yielding 
steps as shown in Scheme 1. The first step involved 
reduction o f com mercially available 5-nitro-1,10-phe
nanthroline, 2 , in refluxing ethanol solution, under 
argon, using hydrazine m onohydrate (N 2H 4 ) and 10% 
Pd/C  catalyst. A yellow solid was obtained after filtra
tion and rem oval o f the solvent under reduced pressure. 
This solid was washed twice with diethyl ether to  p ro 
duce 3 as a pale yellow solid in 92% yield. This was then

Figure I. T h e  X -ray  crystal s tru c tu re  o f  1.

0040-4039/$ - see fron t m a tte r  ©  2007 Elsevier L td. All rights reserved, 
doi: 10.1016/j.tetlet.2007.03.061
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Scheme 1. The synthesis o f  1.

reacted with trifluoro-/?-tolyl isocyanate, 4 , in C H C I3  a t 
room  tem perature, under an inert atm osphere to  yield 
an off w hite precipitate, which was filtered and washed 
with cold CH C I3 . This gave an off-white solid which 
was recrystallised from  hot M eOH to yield the desired 
receptor 1 as a crystalline solid in 88"/o y i e l d . T h e  ' H 
N M R  spectrum  (400 M Hz, DMSO-t/^) showed the pres
ence o f the two urea N -H  singlets a t 9.55 and 9.12 ppm , 
respectively, as well as the expected set o f doublets 
for the phenyl arom atic p rotons. The '^C N M R  
( 1 0 0  M H z, DMSO-t^e) o f  1 showed all the expected 18 
signals, with the urea carbonyl quaternary  resonance 
appearing  a t 152.87 ppm.

The X -ray crystal structure o f 1 is presented in Figure 1, 
and shows tha t the urea m oiety is cop lanar with the tri- 
fluoro-p-tolyl group  (torsion angle o f —0.26°), while 
being significantly shifted out o f  the plane o f the phen 
m oiety (torsion angle o f  —35°).'^ The two urea N - H 
bond lengths were found to be identical a t 0.860 A. As 
is clear from  the crystal structure, the two urea protons 
are ideally situated for directional hydrogen bonding 
interactions with anions that can participate in linear 
interactions such as A c O ',  H 2 PO 4 and F~. We were 
unable to  produce suitable crystals o f  1 in the presence 
o f anions fc r X -ray crystal structure analysis.

The ability o f  1 to sense various anions was evaluated in 
C H 3CN  using the anions as their te trabutylam m onium  
salts (TBA ^). The absorption  spectrum  o f 1, in the ab 
sence o f anions, exhibited a band centred a t 266 nm 
(Iog£ =  4.50), assigned to  the n - 7 1 *  transition  o f the phen 
m oiety and a b road  shoulder centred a t around 320 nm 
(log£ =  3.85), which was assigned to the n - 7t* transi
tions. W hen exciting the sam ple a t bo th  o f  these wave
lengths, a b road  emission band was observed with 
■̂ max a t 422 nm. Thus both absorp tions were assigned 
to the phen  chrom ophore. Significant changes were o b 
served in the absorp tion  spectra upon titra tion  o f  1 with 
anions such as A cO “ and H 2 P 0 4  ̂ and interestingly, 
also for C l“ .'* These responses, clearly signify changes 
in the ground sta te o f  the sensor upon hydrogen bond
ing to these anions as dem onstrated  for C l“ in Figure 
2. The sensing o f  C P  is unusual as it is typically no t o b 
served for such simple urea o r am idourea based recep
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Figure 2. The changes in the absorption spectra o f  I (4.8 |iM ) upon 
gradual addition o f  C l" (0-17.50 mM) in MeCN.

tors. As seen in Figure 2, an increase was observed in 
bo th  the 266 nm and 320 nm transitions upon increasing 
the concentration  o f C P , but no o ther spectral shifts, or 
the form ation o f isosbestic points, were observed. F or 
both  A cO “ and H 2 P0 4  ̂ sim ilar changes were observed, 
where the absorption  was enhanced by ca. 20-30%. 
However, m ore structural changes were observed in 
the absorption spectra in the case o f  F  , where the 
266 nm band was shifted to 270 nm, while the 320 nm 
band was shifted to 325 nm, with the form ation o f  con
com itan t isosbestic points. These changes dem onstrate 
the ability o f F to (i) bind to  the urea moiety, and 
(ii) potentially depro tonate the urea moiety.'*^ In con
trast to  these results, m inor changes were observed for 
B r“ a t very high anion concentrations.

The fluorescence emission spectra were also m onitored 
upon addition  o f  anions following excitation a t both 
the 265 nm and  320 nm transitions. U pon addition  of 
A cO “ , H 2 PO 4 and F , the fluorescence emission was 
considerably quenched (98%, 94%, and 93%, respec
tively), o r 'switched o ff ,  as shown in F igure 3 for the 
changes observed with A cO “ . This clearly dem onstrates 
the ability o f 1 to function as a lum inescent ‘o n -o ff  
switch for these anions. It is w orth pointing ou t that 
no o ther spectral changes occurred in the fluorescence
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Figure 3. The changes in emission intensity o f I (4.8 jiM ) upon gradual 
addition o f A cO “ ([AcO“ ] =  0-1.53 mM ), in MeCN upon excitation at 
265 nm. Inset: The changes in the emission intensity at 422 nm  as a 
function o f AcO equivalents.
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em ission spectra, that is, no shifts in or the form a
tion  o f  long w avelength  em itting species were observed. 
H ence, we propose that upon anion recognition, the 
urea m oiety is twisted out o f  the plane o f  the phen  fluo- 
rophore w hich gives rise to the slight enhancem ent in the 
71—>7t nature o f  the fluorophore (as seen in the absorp
tion  spectra). A t the sam e time, electron transfer 
quenching o f  the phen  excited state, from  the electron  
rich anion receptor, is activated, causing the em ission  
to ‘sw itch  o f f . H ence, this can be considered as being  
an anion  m odulated  photoinduced electron transfer 
(PE T) quenching, even though no form al covalent 

[spacer separates the fluorophore from the urea recep
t o r . F r o m  these changes, binding constants o f  
lo g /f i i = 5 .1 9  (±0.03) and lo g ^ n  = 4 .3 5  (±0.06) were 
observed for A cO ” l  and H 2P 0 4 ~ 1 , respectively, using  
the nonlinear least-squares fitting program m e SPEC- 
I-IT. T hese values indicate strong binding o f  1 for these 
an ion s in C H 3C N . The fact that A cO “ is bound m ore 
strongly than H 2 PO 4 reflects the ability o f  this anion  
to bind to the receptor in a m ore linear ‘Y ’ shape hydro
gen bonding m anner. H ence, on all occasions the best fit 
for the above changes w as observed for the 1 :1 binding  
stoichiom etry. The changes in the em ission intensity o f  I 
upon titration with F ” were, however, best fitted to  2:1 
binding (anion:sensor) interactions. T his is in agreem ent 
w ith the findings from the absorption data, where a tw o- 
step equilibrium  w as observed. These can be viewed as 
in volv in g  the initial interaction o f  the anion w ith 1 
through hydrogen bonding to give the F -1 com plex, 
fo llow ed  by binding and subsequent deprotonation  by 
the second F~ to give bifluoride H F 2 , in a m anner pre
v iously  postulated by ourselves and G ale et al.'^ ~' From  
these changes log/^n = 4 .7 5  (±0.26) and \ og P2 \ = 4 .7 3  
(±0.21) values were determ ined for F “ l and F “ 2'l 
(the form ation o f  HF^"), respectively. A s in the ground  
state investigation above, titrations using Br did not 
give rise to any significant lum inescent quenching except 
at high concentrations, w hich could be due to a heavy 
atom  effect rather than binding o f  this anion to  the 
receptor.

H ow ever, the m ost interesting results were observed for 
the fluorescence titration o f  1 w ith Cl“, Figure 4. Here
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Figure 4. C hanges in the  em ission spec tra  o f  I (4.8 nM ) upon  titra tio n  
w ith  C l^  (0 -17 .50  m M ) in M eC N , upo n  excitation  a t 265 nm .

the quenching o f  the singlet excited state w as not ob 
served as in the above cases, but a fluorescence enhance
m ent. Here, the phen  em ission w as enhanced by ca. 45%, 
w ith a concom itant shift tow ards longer w avelengths 
(-̂ -max 422 nm —+ 428 nm ), w ith the form ation  o f  an iso- 
em issive point at 399 nm. This is the first time that we 
have observed such lum inescent behaviour for such  
structurally sim ple receptors. Furtherm ore, it is clear 
that these changes are o f  a different nature to  those o b 
served for the A cO “ or H 2 P0 4  ̂ titrations above, and 
thus cannot be assigned to an enhancem ent in PET  
quenching. W e therefore propose that upon recognition  
o f  C l“ , the aforem entioned anion  induced tw isting o f  
the urea m oiety (from  the phen  ligand) is m inor and 
the spherical anion reduces the eff'ect o f  the PET quench
ing from  the trifluoro-/7-to ly l group to  the phen  fluoro
phore, by ‘b lock ing’ the pathw ay o f  the electron  
transfer. Such ‘intervening m edia’ has been proposed  
to influence energy transfer quenching in several elec- 
tron-donor-acceptor system s, such as in those developed  
by Shim idzu et a l.“  w here a cation was em ployed, and 
in supram olecular system s designed to  m im ic the nature 
o f  the electron transfer in the ph otosynthetic reaction  
centre.

Plotting the changes at 422 nm as a function o f  
—log[C l “] gave rise to changes occurring over ca. 4 log
arithm ic units, indicating m ore than a sim ple 1:1  binding  
process. By fitting the changes observed in Figure 4 for 
1:1 type com plex form ation, C r  i ,  a binding constant o f  
lo g /il l  =  3.84 (±0.14) w as determ ined. W hile this show s 
that 1 has high affinity for Cl , we and others, have 
dem onstrated that usually such sim ple urea based recep
tors do  not bind to large spherical anions^ but rather 
through m ultiple binding interactions.'*'^'^ C onsequently, 
w e considered an alternative binding m ode for 1, where 
tw o sensors self-assem ble around the anion to give 
a C P  I 2 com plex. F itting the above changes to such  
stoichiom etry, gave a strong binding constant o f  
log)?i2 =  5.94 (±0.16). A nalysis o f  the speciation  distri
bution diagram , show n in Figure 5, clearly show s that 
the initial addition  o f  C l“ gives rise to the form ation  
o f  a self-assem bly (blue line) o f  tw o m olecules o f  1 
and Cl , and that up to  27% o f  the species in solution
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Figure 5. T he speciation  d is trib u tio n  p lo t fo r th e  b in d in g  o f  1 (4.8 )
to  C l“ : = 1 ;  = C 1 “ 1;  = C I  - l2 . O nly  p a rt o f  the
co n cen tra tio n  range  is show n.
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from [Cl“ ] =  0 —> 0.8 mM is in the form o f the Cl -l2 
complex. However, the formation o f the 1:1 complex be
gins to dominate after 0.2 mM (green line), eventually 
being the most stable species in s o l u t i o n . W i t h  the 
aim o f demonstrating the selectivity o f  1 for C l“, the 
luminescence o f 1 was recorded in the presence o f  one 
equivalent o f  A cO ”, which quenched the fluorescence. 
However, upon addition o f  increased concentrations of 
Cl", the emission was restored, giving rise to a red 
shifted emission, as observed in Figure 4 . These results 
demonstrate that C P  can be sensed selectively by 1, 
through (a) the formation o f a self-assembly, and (b) 
by the fact that only for C P  was the fluorescence o f 1 
increased, while being quenched by other competitive 
ions such as AcO , H2PO4 and F .

In summary, we have developed 1 as a selective fluores
cence sensor for C l” . While only minor changes were 
observed in the absorption spectra o f 1 upon anion rec
ognition, the fluorescence emission spectra were dramat
ically affected. Nevertheless, onlv for the sensing o f  
C P  was the fluorescence o f 1 enhanced. For other com 
petitive ions the emission was either quenched or not 
modulated. We are currently evaluating the anion bind
ing o f  1 in the presence o f  both transition and lanthanide 
ions.
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T h e  delayed lan than ide  lum inescence o f  the  terb ium  [Tb(iii)l 
d iary l-urea  com plex 1 T b  is significantly enhanced upon  sensing 
o f  d ih y d rogenphosphate  (H 2 PO 4  ) in  C H jC N , w hich occurs 
th ro u g h  m ultip le an ion  b inding th rough  hydrogen bonding 
in teractions an d  potential m etal ion  coord ina tion  to  Tb(iii).

The luminescent and colorimetric sensing o f anions is both a 
challenging and highly topical area o f  r e s e a r c h .T h e  most 
com m on m ethods for achieving such anion recognition has been 
via the use of: (i) transition metal ion coordination complexes;** (ii) 
am m onium  o r guanidinium moieties.^ and (iii) charge neutral 
hydrogen bcmding moieties, such as amides, ureas, thiourea, etc.^ 
Using heptcidentate tri-arm cyclen (1.4,7,10-tetraazacyclo- 
dodecane) Tb(iii) and Eu(iii) complexes, we and others have 
recently dem onstrated the sensing o f both aliphatic and arom atic 
carboxyhtes, via the form ation o f  ternary complexes in buffered 
solution, where the emission was either enhanced o r reduced upon 
coordination o f  these anions to the f-metiil ions.’ *' Similarly, using 
chrom ophores, based on charge neutral receptors, we have 
developed num erous examples o f  both fluorescent and colori
metric anion sensors, which can function in both organic and 
aqueous solutions.’'  ̂' ” Nevertheless, the combination o f  these two 
anion binding interactions in a single molecule, with the aim o f 
achieving m aximum luminescent ‘ou tpu t’ coupled with high anion 
affinity, has not been demonstrated to diite using members o f  the 
f-metal ion family. However, such sensing has recently been shown 
to work well iL s in g  d-metal ions." W ith the objective o f 
daiionstra ting  such dual sensing interactions using f-metal ions, 
we synthesised the Tb(iii) complex I Tb from I. Herein, we 
dem onstrate the results from this investigation and prove that this 
design gives rise to: (a) high anion binding affinity, (b) multiple 
binding interactions and (c) large Tb-luminescence enhancements.

The TT){II1 ) 'D 4  transition is Laporte-forbidden and direct 
excitation o f  Tb(lll) is often difTicuh.'" Nevertheless, excitation via 
the iLse o f  ligiind o r antennae, gives rise to sensitised emission.
In 1, the aryl-urea has a dual role, it can function as both the 
sensitizing antenna'" and the hydrogen bonding anion receptor.^ 
Therefore, we anticipated that anion binding a t the urea moiety 
would m odulate the sensitization process to the lantlianide excited 
state, and hence, the Tb(iii) emission.

The synthesis o f  1 (Scheme 1), involved the coupling o f the tri- 
arm  acetam ide cyclen 2'^ and chloro-A^-(nitro-phenyl) acetamide.

School o f  Chcmislry. Centre fo r  Synthesis and Chemical Biology, Trinity 
College Dublin, Dnhlin 2, Ireland. E-mail: gunnlaul@tcd.ie:
Fax: +353 I 671 2826: Tel: +353 I m  3459
t  Electronic supplem entary inform ation (ESI) available: Synthesi.s and 
figures 1-14, See DOI: 10.1039/b705560a

3.'*’ in dry C H jC N  in the presence o f C siC O i and K1 at 85 °C for 
72 h. This gave 4, which was purified by column chrom atography 
on alumina. This was followed by the reduction o f the nitro group, 
using N 2 H 4  in ethanol a t 90 °C, in the presence o f 10% Pd/C 
catalyst, to yield 5, which was reacted with trinuoro-/5-tolyl 
isocyanide, 6 , in dry CHCI3 a t room temperature, giving I in 80'/o 
yield. The 'H -N M R  (CD Cli) spectrum o f I t  showed the presence 
o f  three characteristic N -H  resonances a t 9.61, 9.38 and 9.01 ppm. 
The complex, I TT), was finally fom ied in 51% yield by relluxing 1 
with one equivalent o f  TbiCFiSOi),-! in C H jC N  under argon, 
followed by precipitiition from diethyl ether. The ESMS o f I Tb 
showed the expected isotopic distribution pattern and the 'H  
N M R  (C D iO D ) spectrum showed the shifted resonance for the 
equatorial and the axial protons o f the cyclen and the ot-CHi due 
to the presence o f the param agnetic metal ion. Analysis o f  the 
excited state lifetimes o f  the Tb(lll) emission in D jO  and H iO , 
respectively, gave the hydration state '" ' ’ ~ 1 , indicating a single 
metal bound water molecule.

The absorption spectra o f  I Tb showed a broad band centred 
around 280 nm in C H iC N , assigned to the urea antenna moiety. 
The changes in the spectra were m onitored as a function o f added 
anions such as AcO , H 1 PO4  \  and C l” (as their TBA salt 
solutions). The addition o f  ions such as AcO and H 2 PO 4  aiused 
the absorption maximum to shift towards the red, with 
concom itant reduction in the absorption, showing the
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Schem c I Synlhesi.s o f  1 and  the T b(lll) sensors 1 T b .
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Fig. I Hie changes observed in the absorption spectra of I Tb (4 |jM) 
upon addition of H jPOj (0-57.3 (iM) in MeCN. Arrows indicate the 
changes upon increasing concentration 0 I H2PO4 . insert: 'llie speciation 
distribution diagram for the binding of H2PO4 .

binding o f the anions to the receptor, as demonstrated for HiPOj 
in Fig. I. The titration profile obtained from plotting the 
absorption changes in Fig. 1, suggested that the anion binding 
was more complex than a simple 1 : 1 stoichiometry (see ESlt). 
Fitting these changes, using the nonlinear least squares regression 
program SPECFIT (see ESIt), giwe several binding constants, 
reflecting that tJie anions were bound through the proposed 
‘multiple’ binding interactions. These results are summarised in 
Table I, for HiP0 4  , and AcO . Here, the stoichiometry (shown 
as the guest : 1 T b  ratio G„ : L„) and binding values (logA’) clearly 
shows that 1 T b  initiiilly binds both of these anions with large 1 : I 
binding affinity, where H2PO4 is bound marginally stronger than 
AcO . We assign such a strong anion binding atfinity to the 
neighbouring kuithanide ion, which, being a strong Lewis acid 
makes the urea protons stronger hydrogen bonding donors.

From these changes, the speciation distribution diagram was 
also detennined (shown as insert for HJPO4” in Fig. 1), which 
demonstrated that initially the I : I binding event (shown as a green 
line) dominates, but is then replaced at higher anion concentrations 
with higher order stoichiometries such as G3 : L|. Similarly, for 
AcO , both the Gi : L] and G i : L| binding stoichiometries were 
observed. The binding o f  Cl was also observed in the absorption 
spectra. However, in comparison to the results in Table I, it was 
weak and spectral changes only occurred at high anion concentra
tions. The titration o f  F gave rise to significant changes in the 
absorption spectra assigned to multiple F binding interactions as 
well as the deprotonation o f  the urea moiety by F , to giveHF? 
However, the binding constants for F were significantly lower 
than those observed for H2PO4 and AcO in Table I (see ESlt).

With (he aim o f  further investigating these multiple binding 
interactions, both the fluorescence and the Tb(iii) emission were 
monitored upon anion titration. For the former, the emission from 
the antenna = 280 nm) gave rise to a broad band centred at 
.■̂ 40 nm (see ESlt), that was both weak and significantly polluted 
by the contribution from the T b(III) emission, which occurs at 
longer wavelength. However, upon titration with either H2P0 4 ~ or 
AcO the emission was significandy modulated. Even though, the 
spectra were o f  poor quality (see ESlt), we were able to obtain 
binding constants from these changes. These are in reasonable 
agreement with those obtained for the changes in the ground state. 
Table 1, further supporting the determined anion binding 
stoichiometries. However, in contrast to these results, the most 
significiuit findings from these investigations were observed in tlie 
lanthanide emission, which showed striking changes for the

Table 1 Results from the binding constant evaluation o f  H 2 PO4 and 
AcO , upon binding to 1 T b  in CH ,C N "

Anion Technique Stoichiometry LogA' Std deviation

II2 PO4 UV-Vis G : L 7.07'’ 0.23
G : L, 4.87 0.47
G 2 : L 5.64 0.95'
G : : L, 6.79 0.37
G , : L 7.94* 0.21

H2 PO4 " Fluorescence G : L 6.86 0.21
G  : L, 5.15 0.25"
G , : L 5.M 0.94'
G 2 : L, 6.84 0.53'
G , : L 7 .9 5 '’ 0.20

H 2 PO4 Tb(lll) emission G : L 7.04* 0.14
G : L, 4.59 0.24''
G , : L 4.90 0.82'
G j : L, 7.20 0.18'
G i : L 8.04'’ 0.12

AcO UV-Vis G : L 6.27 0.116
G 2 : L 5.84 0.087

AcO" Fluorescence G  : L 5.78 0.302
G . ; L 5.11 0.511

AcO" Tb(iu) emission G : L 6.87 0.475
G , : L 5.12 0.497

" Obtained by fitting the spectroscopic data using SPECFIT.
' ' Binding constant is large and consequently SPEC FIT has
difficulties giving accurate determ ination for log/f. Species present
in less than !()%.

deactivation o f the Tb(iii) excited slate [^ 0 4  —► ’Fj (J  = 6-3)j 
upon titration with H 1PO4 and excitation at 280 nm.J

The overall Tb(lil) liuninescence changes for titrations of 
H 1PO4 are shown in Fig. 2. These results were fully reproducible 
and clearly demonstrate that the Tb-emission is significantly more 
sensitive to the anion recognition than seen in either the ground or 
the singlet excited states. Furthermore, the Tb(lll) emission, and 
hence, the Tb(iii) excited state lifetimes (ESlt), are modulated in a 
two ‘step' process, where the initial addition o f  H2PO4 leads to 
ra  70% quenching in the Tb(IlI) emission (imerr Fig. 2). This is 
subsequently followed by over ca. 90% luminescent enhancement 
between ca 1 —» 3 eq. o f H2PO4 . This is, to the best o f our 
knowledge, the first time that a lanthanide luminescence is 
modulated in this manner by an anion.

Moreover, by further analysing the changes in the 546 nm 
transition vi. the number o f  eq. o f  H 2PO4 ” , it was found that the
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Fig. 2 The Tb(lll) emission spectra showing the changes in the intensity 
of I - (4 ^iM) upon titration with H 2PO4 (0 —► 57.3 |.iM) in MeCN. /nset: 
llie changes observed upon addition o f 0 I eq. o f H 2 PO4  \  which 
caused quenching in tlie Tb(ili) emission.
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Tb(ill) em ission enhancem ents also occurred in a two step process; 
where the major contribution to these changes took place within 
the 2 —» 3 eq. range o f  H 2 PO 4  . The changes in the 546 ntti 
transition were fitted using the SPE C FIT programme. This gave 
an excellent fit as shown in the E S l,t  from which several binding 
constants were determined. A gain, the results from the fitting o f  
the binding isotherm clearly indicated that 1 T b  senses these 
anions through multi-step binding interactions and that the 
binding constants correlate well with that observed from the 
changes in both the absorption and the fluorescence spectra. 
Table 1. The speciation distribution diagram obtained from the 
changes in the Tb(lll) emission upon titration with H 7 PO4  is 
shown in the E S lt  and clearly danonstrates that initially the 1 : 1 
stoichiom etry is formed with a high binding constant o f  logA' =  
7.0. H owever, after the addition o f  cu  one eq. o f  anion the G j : L| 
binding begins to dom inate. Interestingly, the 2 : 1 com plex only 
formed in small quantities. In contrast to tliese results, the titration 
o f  I'T b with A cO  only gave rise to luminescent quenching. 
Furthermore, only two stoichiometries were determined; namely 
the G jiL i and G 2 :L), Table 1 (see E S lt). These results also showed  
that I Tb selectively sensed H 2 PO4  over A cO  . This we 
confirmed by titrating H 2 PO 4  to a quenched solution o f  1 T b  
bound A cO  . On both occasions, the Tb-emission was 'switched  
on in the sam e manner as seen above for the titration o f  H 2 PO4  

in Fig. 2 (See ESI+).
So what binding interactions constitute to this com plex multiple 

anion recognition? W e propose that the initial anion recognition is 
due to binding o f  the anion at the urea moiety o f  the antenna. This 
is then followed by a sea ind  binding event between these anions 
and the am ide bridge, througli anion■••H -N hydrogen bonding  
interactions. W e have confinned this by carrying out UV-vis 
titrations o f  an acetam ide analogue o f  the recej^tor/antenna part o f  
1 T b . which also gave rise to both G i:L | and G 2 ;L| binding for 
these anions (cf. 7 in E S lt). However, the binding consUints are 
low'er than observed for I T t . In the case o f  binding o f  H 2 PO4  to 
1 T b , the third binding interaction, G 3 :L| is m ore difficult to 
determine without the aid o f  X-ray crystallography. However, this 
binding, clearly giving rise to the largest changes in the Tb(iii) 
emission, is m ost likely taking p k ce through a more direct 
interaction with the metiil ion (and possibly via contribution from 
one o f  the aryl protons.'* Contribution from simple electrostatic 
interactions between the com plex and the anion cannot be mled 
out either). This may be occurring through the displacement o f  the 
aforem entioned axial metal bound water molecule. W ater is an 
effective quencher o f  the excited state and displacement o f  the 
water generally gives rise to luminescence enhanoemenLs.’ *§ These 
changes are also observed in the ground state, which suggests that 
the Tb(lll) ion also affects the electronic properties o f  the antenna.

In summary, w e have developed a novel lanthanide luminescent 
sensor for anions by incorporating a hydrogen bonding receptor 
into a sensitizing antenna. Analysis o f  the ground state, and the 
emission from the singlet and the T T 3 (III)  excited states, clearly 
demonstrated the foiTnation o f  multiple species and hence multiple 
binding interactions in solution. It also show'ed tliat the T b ( I I I )  is 
extremely sensitive to the changes in the local coordination  
environment. Furthermore, the selective detection o f  H 2 PO4  over 
A cO  by 1 T b  was also observed, with the H 2 PO 4  fonning both 
1 : 1 and 3 : 1 com plexes with I Tb, in C H iC N , These results 
represent, to the best o f  our knowledge, the first examples o f  the

use o f  a aim bination o f  hydrogen bonding anion receptors and 
f-metal ion coordination for luminescent anion sensing.

W e thank Enterprise Ireland, IR C SE 'f and T C D  for financial 
support and Dr John E. O ’Brian for running N M R .

Notes and references
I  The Eu(lll) complex o f  1. l Eu, was also formed. However, the emLssion 
was very weak in comparison to that o f I Tb, a.s the Eu(lll) excited state is 
quenched by photoinduced electron transfer (cf. ESIt).
§ As these measurements are carried out In less aimpetitive CH^CN solvent 
the emission enhancement might even be more striking.
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